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The milk protein β-casein (β-CN) possesses excellent functional properties and is the 
most abundant casein in human milk. Therefore, β-CN has the potential to be used as 
an ingredient in nutritional food applications, in particular in infant formulae (IF). 
However, the manufacture of β-CN products using various feed materials and 
enrichment approaches can lead to considerably differences in the overall 
composition and purity of β-CN in such ingredients. These differences would be 
expected to influence the physicochemical and functional properties of β-CN 
ingredients and their formulated nutritional products. This thesis presents an 
investigation of the physicochemical and microstructural properties of three different 
β-CN products (pure β-CN [β-CNpure, β-CN=90% of total protein], β-CN 
concentrate [β-CNconc, 80% purity], β-CN-enriched ingredient [β-CNen, 58% 
purity]) in different dairy systems (solutions, emulsions and model IF). The results of 
this work demonstrated that the three β-CN products exhibited different thermal-
induced association behaviour, which was highly dependent on the purity and 
composition of β-CN products, along with the presence of ionic calcium and 
phosphates. Both β-CNpure and β-CNen showed significantly lower 
surface/interfacial tension compared to whey protein isolate (WPI), indicating the 
excellent surface-active properties of β-CN. The stability of 10% oil-in-water (O/W) 
emulsions stabilised with 0.5% β-CNconc was strongly dependent on the state of 
association of β-CN in aqueous solution. β-CNpure was covalently labelled using a 
fluorescent dye (NHS-Rhodamine) and the mixture of labelled β-CN and WPI (1:1 
w/w) was employed as an emulsifier in O/W emulsions. Combining covalent and 
generic labelling techniques with confocal laser scanning microscopy (CLSM) 
xiii 
 
allowed simultaneous visualisation of β-CN and WPI at the interface of oil droplets. 
β-CN-enriched model IF were also produced with β-CNen and WPI at various whey 
protein:casein ratios in the range 100:0-0:100, where the model IF enriched with β-
CNen better reflected the protein profile of human milk. Increasing the proportion of 
β-CNen increased the stability and viscosity of IF and decreased the wettability and 
dispersibility of β-CNen IF powders. Overall, the findings of these studies are of 
relevance to end-users of β-CN-enriched products in controlling the association 
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Milk protein-based products have been widely used in the sports, medical and 
nutritional beverage sectors for many years. This is not only because of their high 
nutritional value, but also their excellent techno-functional properties, such as 
emulsification, foam formation, stabilisation and encapsulation (Britten & Giroux, 
1991; Doherty et al., 2012; Lam & Nickerson, 2013; Livney, 2010). In recent years, 
β-casein-enriched (β-CNen) protein fractions have been developed as novel value-
added dairy protein ingredients. Possible applications include infant formulations 
because β-casein (β-CN) is a major protein in human milk (Table 1.1) and it 
possesses excellent physicochemical and bio-functional properties (Crowley, 2016; 
Dickinson, 1999; Esmaili et al., 2011; Shapira, Assaraf, & Livney, 2010b; 
Sharifizadeh, Saboury, Moosavi-Movahedi, Salami, & Yousefi, 2012). This literature 
review aims (1) to present fundamental knowledge of milk proteins, particularly β-
CN; (2) to discuss current research on β-CN in different functional food applications; 
and (3) to present advanced microscopy techniques and their applications in food 
science. 
1.2 Milk proteins 
Milk is a naturally occurring emulsion system comprising a complex mixture of 
protein, fat, lactose, and some micronutrients (i.e. minerals, vitamins). Proteins, as 
one of the principal macronutrients in milk, have been extensively studied since 1814 
(Berzelius, 1814). The concentration of protein in milk varies between species; for 
example, there is 1, 3-4 and 4.5% protein in human, bovine and sheep milk, 
respectively (O’Mahony & Fox, 2013). 




Table 1.1 Summary of the protein profile of bovine and human milk.  
Protein profile Bovine milk   Human milk  
 
% 




w/w of total protein 
Concentration 
 (g/L) 
Total casein  ~80 ~2.64  ~40 ~0.4 
αs1-casein  ~30.4 ~1  < 0.8 < 0.01 
αs2-casein  ~8 ~0.26  0 0 
β-casein  ~28.8 ~0.95  ~26 ~0.26 
κ-casein  ~10.4 ~0.34  ~12 ~0.12 
Total whey protein ~20 ~0.66  ~60 ~0.6 
β-lactoglobulin  ~10 ~0.33  0 0 
α-lactalbumin  ~4 ~0.13  ~21.6 ~0.22 
bovine serum albumin  ~1.4 ~0.05  ~9 ~0.09 
immunoglobulins  ~2.8 ~0.09  ~9.6 ~0.1 
lactoferrin  ~0.6 ~0.02  ~19.8 ~0.2 
Adapted from  Fox, Guinee, Cogan, & McSweeney (2000); Fox & Brodkorb (2008); Jensen, Blanc, & Patton (1995); McSweeney, O'Regan, & 
O'Callaghan (2013); Raikos (2010) and (Tunick, 2018). 




Bovine milk is one of the most popular nutritional drinks globally, in which proteins 
comprise approximately 80% (w/w) casein and 20% (w/w) whey protein (dependent 
on stage of lactation). Casein (CN) is defined as the protein fraction precipitated from 
milk at its isoelectric point (pI) of 4.6 at 20 °C (Hammarsten, 1883). The liquid 
remaining after isoelectric precipitation of casein from skimmed or whole milk is 
called whey, which contains whey proteins (WP). Both of these protein fractions are 
commercially available either in mixed (i.e. skim milk powder, whole milk powder, 
milk protein concentrate, milk protein isolate) or individual forms (i.e. sodium 
caseinate, calcium caseinate, micellar casein concentrate, whey protein isolate, whey 
protein concentrate, sweet whey powder), and are commonly used as food ingredients 
in food processing applications.  
CN and WP have distinct physicochemical and functional properties due to their 
differences in composition and structure, which will be discussed in detail in Sections 
1.2.1 and 1.2.2. Therefore, in order to have a better understanding of the behaviour of 
these milk protein ingredients in foods during manufacturing and storage, a large 
number of studies have been carried out under physicochemical conditions 
(temperature, pH, ionic strength, pressure etc.) in a variety of simulated food systems, 
including solutions, liquid emulsions, gels and model infant formulae (Abhyankar, 
Mulvihill, & Auty, 2011a; Auty, Fenelon, Guinee, Mullins, & Mulvihill, 1999; 
Buggy, McManus, Brodkorb, McCarthy, & Fenelon, 2016; Casanova & Dickinson, 
1998a; Dickinson & Eliot, 2003; Drapala, Auty, Mulvihill, & O’Mahony, 2017; 
Kehoe & Foegeding, 2011; McCarthy et al., 2013a).  
1.2.1 Caseins 
Caseins, the principal protein constituents (~80% of total protein) of bovine milk, 
consist of four types of casein molecules: αs1-, αs2-, β- and κ-casein in the ratio 




4:1:4:1. The characteristics of these casein fractions are well acknowledged, in terms 
of amino acid composition, molecular weight and other key features (Table 1.2). 
Unlike whey proteins, all caseins are relatively heat-stable due to the lack of ordered 
secondary or tertiary structures; however, they are sensitive to pH and tend to 
aggregate upon lowering the pH, eventually becoming insoluble at their isoelectric 
points (Hammarsten, 1883; van Slyke & Barker, 1918). Caseins exhibit essentially 
amphiphilic character, especially β-CN, which has apparent hydrophilic and 
hydrophobic regions in the terminal end making it more surfactant-like than the other 
caseins (more information on β-CN composition/structure and properties will be 
provided in Section 1.2.1.1), therefore, caseins/caseinates are commonly used as 
emulsifiers or stabilisers in food emulsion applications.  
Caseins are phosphoproteins and each casein molecule has a different degree of 
phosphorylation (Table 1.2). αs2-casein (αs2-CN) is the most highly phosphorylated, 
whereas κ-casein (κ-CN) is the least (Table 1.2). The phosphorylated amino acid 
residues (mainly phosphoserine, SerP residues) can bind with calcium to form 
calcium phosphate nanoclusters in the casein micelles, and αs-and β-CN are calcium-
sensitive caseins as they are highly phosphorylated, while κ-CN is less sensitive to 
calcium (Huppertz, 2013a). The presence of phosphorylation in caseins plays an 
important role on many aspects, such as emulsifying and stabilising properties in 
emulsions (Dickinson, 1997), self-association behaviour (Farrell Jr., Qi, Wickham, & 
Unruh, 2002; Li et al., 2019), and on stabilisation of the micellar structure of casein 
(Broyard & Gaucheron, 2015). For more information on the chemistry of individual 
casein molecules, see Huppertz (2013a). 




Table 1.2 Summary of the characteristics of the principal proteins in bovine milk, adapted from Broyard & Gaucheron (2015), 
O’Mahony & Fox (2013), McSweeney et al. (2013), Fox et al. (2000) and O'Riordan, Kane, Joshi, & Hickey (2014). 
 Caseins  Whey proteins 
 αs1-casein αs2-casein β-casein κ-casein  β-lactoglobulin α-lactalbumin 
Numbers of amino acids 199 207 209 169  162 123 
aMolecular weight (kDa) ~23.6 ~25.2 ~24.0 ~19.1  ~18.3 ~14.2 
Concentration (g/L) 10-12 2-4 10-11.2 2.8-3.3  3.2 1.2 
Disulphide bond 0 1 0 1  2 4 
Free sulphydryl groups 0 0 0 0  1 0 
Phosphorylation 8-9 10-13 4-5 1-3  0 0 
Glycosylation 0 0 0 0-6  NA 1 
bIsoelectric point (pI) 4.4 5.0 4.7 5.6-5.8  ~5.2 4.2-4.5 
Calcium sensitivity  ++ +++ + -  - + 
Hydrophobicity (kJ/residue) 4.89 4.64 5.58 5.12  5.03 4.68 
a The calculation of the molecular weight takes the phosphorylation into account.  
b Isoelectric point varies with genetic variant and with patterns of phosphorylation and glycosylation. 
NA means not available. 
 




About 95% (w/w) of CN in bovine milk exist as large colloidal complexes, called CN 
micelles (Beau, 1921). Each micelle comprises approximately 93% (w/w) CN and 
7% minerals, including 2.87% inorganic calcium, 2.89% phosphate, 0.4% citrate and 
a small amount of magnesium, sodium and potassium (Wong, Camirand, Pavlath, 
Parris, & Friedman, 1996), held together by means of non-covalent intermolecular 
interactions, such as electrostatic and hydrophobic interactions. Therefore, caseins 
are assumed to be the primary transport vehicles for calcium and phosphorus, which 
are essential minerals needed by the offspring for skeletal development, tissue growth 
and cellular metabolism. CN micelles are large spherical particles with a size range 
of 50-600 nm (mean ~150 nm) (Fig. 1.1), an average molecular weight of ~105 kDa 
(Fox & Brodkorb, 2008; O’Mahony & Fox, 2013), and are highly hydrated, with an 
average of 3.7 g water for each g of protein (Wong et al., 1996).  
 
 
Figure 1.1 Scanning electron micrograph of the casein micelles in milk. The scale 
bar represents 200 nm (Spagnuolo, Dalgleish, Goff, & Morris, 2005).   




Although the structure of the CN micelle has been researched many year ago, it is not 
yet fully understood. Three major models of CN micelle structure have been put 
forward, which have been reviewed by de Kruif, Huppertz, Urban, & Petukhov (2012) 
and Broyard & Gaucheron (2015). There are some common features: αs- and β-CN 
are mainly orientated towards the interior of CN micelles, and κ-CN, in particular 
glycosylated κ-CN, are located predominantly at the surface, which gives the CN 
micelles a highly negative surface charge and sterically stabilises the micelles against 
aggregation (Holt, 2016; Tuinier & De Kruif, 2002). Salts, mainly calcium phosphate, 
associate with casein molecules to form colloidal calcium phosphate (CCP) and thus 
contribute to casein micelle integrity, stabilised by hydrogen bonds, hydrophobic and 
electrostatic interactions (Fox & Brodkorb, 2008).  
Previous studies (Broyard & Gaucheron, 2015; McMahon & Oommen, 2013) have 
confirmed that casein micelles are in dynamic equilibrium with the aqueous phase, 
and exchange of casein molecules, water and minerals occurs depending on the 
physicochemical conditions (Fig. 1.2). Hence the structure of CN micelles can be 
modified accordingly, thereby affecting their stability and functional properties. The 
changes of the structure of CN micelles can be desirable or undesirable; for example, 
cooling of milk causes release of β-CN from the micellar to aqueous phase due to 
weak hydrophobic interactions at low temperatures (Creamer, Berry, & Mills, 1977; 
Downey & Murphy, 1970; Koutina, Knudsen, Andersen, & Skibsted, 2014; Pierre & 
Brule, 1981); therefore cooling of milk can become a desired process for isolation of 
β-CN from milk using membrane filtration (O'Mahony, Smith, & Lucey, 2014; Van 
Hekken & Holsinger, 2000). However, heating milk at 75 °C for several minutes 
causes denaturation of WPs and their association with casein micelles, in particular κ-
CN, to form WP/κ-CN complexes, which significantly impairs the rennet coagulation 




and rheological properties of acid gel-based products, such as yoghurt and fresh 








Figure 1.2 Schematic exchanges of minerals, water, and casein molecules as a 









1.2.1.1 Composition and structure of bovine β-casein 
β-CN is the most hydrophobic casein (Table 1.2), comprising ~36% of total casein in 
bovine milk. However, β-CN is the predominant casein (65-85% of total casein) in 
human milk (Atamer et al., 2017; McSweeney et al., 2013), making β-CN-enriched 
products sought after for the formulation of infant nutritional formulae. In addition, 
β-CN plays an important role during food processing due to its excellent techno-
functional properties (i.e. foam stabiliser, emulsifier and drug nanocarrier) (Bachar et 
al., 2012; Casanova & Dickinson, 1998b; Dickinson, Rolfe, & Dalgleish, 1988; 
Shapira, Assaraf, Epstein, & Livney, 2010a), and it is also a precursor for the 
production of numerous peptides with biological/physiological activity, e.g. peptides 
that have anti-hypertensive activity or promote mineral adsorption (Meisel, 1997).  
Bovine β-CN is a single polypeptide chain consisting of 209 amino acids (AA) (Fig. 
1.3) with a molecular weight of ~24 kDa (when serine residues are fully 
phosphorylated). It is rich in proline and devoid of cysteine residues, and hence there 
are no intra-molecular disulphide bonds. The pI of β-CN is 4.7 and it is estimated to 
be 5.1 for the non-phosphorylated form (Huppertz, 2013a). β-CN has a distinctive 
amphiphilic character, with a highly hydrophilic region towards the N-terminus 
containing most of the net charge of the molecule (residues 1-40), a moderate 
hydrophobic region (residues 41-135) and a highly hydrophobic region at the C-
terminus (residues 136-209) (Fig. 1.3) (Rollema, 1992), making it an excellent 
emulsifier (Dickinson et al., 1988; Parkinson & Dickinson, 2004). Five phosphate 
groups exist as phosphoserine residues located within the hydrophilic domain, which 
provide most of the negative charge (Atamer et al., 2017; Darewicz, Dziuba, 
Caessens, & Gruppen, 2000; Huppertz et al., 2006). However, human β-CN occurs in 
multi-phosphorylated forms having 0–5 phosphate groups (Greenberg, Groves, & 




Dower, 1984). Therefore, dephosphorylation of bovine β-CN has been investigated as 
a mean of humanized infant formula on a molecular level. The effect of 
dephosphorylation of bovine caseins has been reported in several studies (Broyard & 
Gaucheron, 2015; Liu et al., 2016; Lorenzen & Reimerdes, 1992; McCarthy, Kelly, 
O’Mahony, & Fenelon, 2013b). Liu et al. (2016) suggested that the 
dephosphorylation of milk protein concentrate improved the gastrointestinal 
digestibility of β-CN in infant formula. McCarthy et al. (2013b) found that partially 
dephosphorylated bovine β-casein achieved using acid phosphatase showed increased 
emulsion stability against calcium-induced aggregation. The interfacial behaviour of 
β-CN at oil/water interfaces is also dependent on the phosphorylation state. Cassiano 
& Arêas (2003) reported that completely dephosphorylated β-CN had very different 
dynamic interfacial behaviour compared to the partially dephosphorylated and 
original bovine β-CN. 
 
Figure 1.3 Primary structure of bovine β-casein variant A2-5P amino acid sequence 
adapted from Huppertz (2013a).  




Until now, 12 different genetic variants of β-CN have been identified (A1, A2, A3, B, 
C, D, E, F, G, H1,H2, I) based on gene polymorphisms and protein sequences 
(Huppertz, 2013a). A1 and A2 are the more dominant variants existing in the cattle 
populations and only differ by a single AA (the substitution of histidine for proline at 
position 67, see Fig. 1.3). Much attention has been paid to these two variants, as they 
show somewhat different functional properties with only a small difference in the 
primary structure. Previous studies have suggested possible health benefits of A2 over 
A1 β-CN because consumption of A1 β-CN can release a bioactive opioid peptide in 
the gastrointestinal tract, called β-casomorphin-7, which is a risk factor for human 
health and associated with higher incidence of some diseases, such as diabetes, 
autoimmune and cardiovascular diseases (Bell, Grochoski, & Clarke, 2006; 
Miluchová, Gabor, Trakovická, & Hanusová, 2016; Nguyen, Johnson, Busetti, & 
Solah, 2015; Tailford, Berry, Thomas, & Campbell, 2003). A2 β-CN is claimed to be 
more comparable to human  β-CN  than  A1  in  terms  of  digestive  breakdown 
(Clarke & Trivedi, 2014). To exploit this commercially, the a2 Milk Company was 
established in New Zealand to sell milk and related milk products like infant formula 
containing only A2 β-CN. Nestle also launched an A2 β-CN IF product (Illuma Two) 
in China, Australia and New Zealand in 2018; however, strong scientific evidence for 
significant health effects is still missing. 
The secondary structure of β-CN has also been studied by several groups with detail 
in the review of Horne (2002), but the exact structure remains elusive. Originally, β-
CN was estimated to have a flexible structure (i.e. random coil), with little or no 
ordered secondary structure under physiological conditions (Andrews et al., 1979a; 
Noelken & Reibstein, 1968). Holt & Sawyer (1993) proposed the ‘rheomorphic’ 
hypothesis, which states that caseins have no fixed structure until aggregates are 




formed in response to calcium-binding by serine phosphate groups. Meanwhile, the 
secondary structure of β-CN has been monitored using various methods and consists 
of 7–25% α-helix, 12-33% β-sheet and 19-36% turns, and these elements are stable in 
the temperature range 5－70 °C (Creamer, Richardson, & Parry, 1981; Farrell Jr., 
Wickham, Unruh, Qi, & Hoagland, 2001; Graham, Malcolm, & McKenzie, 1984; Qi, 
Wickham, & Farrell, 2004). 
1.2.1.2 Preparation of β-casein-enriched products 
The preparation of β-CN-enriched products from milk can be divided into three main 
steps: separation of casein, isolation of β-CN and purification (Fig. 1.4). In order to 
produce food-grade β-CN, several technological approaches have been developed, 
such as ion-exchange chromatography, selective solubility/precipitation, membrane 
technology or various combinations thereof, and different raw materials have been 
used like sodium caseinate (NaCN), micellar casein, skim milk, rennet skim milk etc. 
(Hipp, Groves, Custer, & McMeekin, 1952; Huppertz et al., 2006; Murphy & Fox, 
1991; O'Mahony et al., 2014; Post & Hinrichs, 2010; Post, Arnold, Weiss, & 
Hinrichs, 2012; Van Hekken & Holsinger, 2000). Membrane filtration is a pure 
physical process that retains the original structure of proteins as much as possible, 
whereas selective solubility/precipitation is a combined biochemical and physical 
process as it involves the application of acids, bases, ethanol and/or CaCl2 (Fig. 1.4) 
(Hipp et al., 1952; Huppertz et al., 2006), which could cause a conformational change 
in β-CN, thereby altering its physicochemical properties (de Kruif & Grinberg, 2002; 
Farrell Jr. et al., 2002; Moitzi, Portnaya, Glatter, Ramon, & Danino, 2008; Qi et al., 
2004).  





Figure 1.4 Schematic diagram of three main steps for the enrichment of β-casein, 
using different technological approaches. Sourced from Atamer et al. (2017). 
 
An improved membrane filtration method for pilot-scale isolation of β-CN was 
developed by O'Mahony et al. (2014) using an integrated membrane filtration process, 
involving microfiltration, ultrafiltration and diafiltration, allowing continuous 
separation and purification of β-CN-enriched fractions with the use of low-cost 
membrane systems and novel separation protocols. The principle of this method is 
based on the reversible temperature-dependent self-association of β-CN to facilitate 
its selective fractionation from milk (more details in Section 1.2.1.3.1). By using this 
method, the functionality of β-CN is maintained. An optimised process was proposed 
two years later by Crowley (2016) resulting in higher purity of β-CN-enriched 
fractions being achieved. More information on the methods and development for β-




CN isolation/purification could be found in the review of Atamer et al. (2017). It is 
worth noting that the production of β-CN-enriched products using different 
technological approaches leads to significant differences in their composition (i.e. 
other protein fractions and mineral levels) (Fig. 1.5), which affects the 








































































Figure 1.5 Reversed-phase high-performance liquid chromatography profiles of 
proteins in (A) β-casein product from Sigma-Aldrich; (B) membrane filtration-
derived β-casein concentration (Crowley, 2016); and (C) commercial β-casein-
enriched product (Kerry Ingredients, Charleville, Co. Cork, Ireland). This analysis 
was carried out in Teagasc Moorepark. 




1.2.1.3 Physicochemical properties of β-casein and relevant industrial 
applications  
1.2.1.3.1 Self-association behaviour 
In aqueous solution, β-CN exists in a monomeric or aggregated state depending on 
many factors, such as concentration, temperature and ionic strength (Buchheim & 
Schmidt, 1979; Dauphas et al., 2005; de Kruif & Grinberg, 2002; O'Connell, 
Grinberg, & de Kruif, 2003; Portnaya et al., 2006). Monomers of β-CN predominate 
at low temperatures (< 10-15 °C) and self-assemble via hydrophobic interactions at 
concentrations greater than the critical micelle concentration (CMC) when 
temperature increases, ultimately forming aggregates with a hydrophobic core and a 
less dense hydrophilic outer layer (Berry & Creamer, 1975; Dauphas et al., 2005; Li 
et al., 2019; O'Connell et al., 2003). The CMC is defined as the concentration of β-
CN above which aggregate formation is favourable, and it varies between 0.05 and 
0.2% (w/v) depending on temperature, pH, ionic strength and β-CN purity (Evans, 
Phillips, & Jones, 1979; Li et al., 2019; Portnaya et al., 2006; Takase, Niki, & Arima, 
1980).  
The size of β-CN aggregates is strongly dependent on protein concentration, purity of 
β-CN, temperature, calcium content, pH and ionic strength (Dauphas et al., 2005; Li 
et al., 2019; Moitzi et al., 2008; O'Connell et al., 2003; Qi et al., 2004). Dauphas et al. 
(2005) suggested there were four different association states of β-CN (0.1%, w/v) 
based on dynamic light-scattering (DLS) experiments: (i) a molecular state at 4 °C 
(hydrodynamic diameter 7–8 nm); (ii) a micellar state at 37 °C (hydrodynamic 
diameter 20–25 nm) in the absence of CaCl2; (iii) a polymeric state at 4 °C 
(hydrodynamic diameter 20–25 nm); and (iv) an aggregated state at 37 °C 
(hydrodynamic diameter > 1 μm) in the presence of 10 mM CaCl2. Due to the high 




charge density in the hydrophilic region (N-terminus), bovine β-CN has a strong 
binding capacity for divalent metal ions, in particular ionic calcium (Ca2+) (Parker & 
Dalgleish, 1981). Addition of Ca2+ promotes thermal aggregation of β-CN and leads 
to larger aggregates being formed via calcium bridges between phosphoserine 
residues (Dauphas et al., 2005; Li et al., 2019). The temperature-induced self-
association of β-CN is also affected by solvent conditions, such as heavy water (D2O) 
and ethanol (Evans et al., 1979; Faizullin, Konnova, Haertlé, & Zuev, 2017; 
Mikheeva, Grinberg, Grinberg, Khokhlov, & de Kruif, 2003). Furthermore, genetic 
variability also has an influence on the association state of β-CN. Raynes, Day, 
Augustin, & Carver (2015) suggested that the A2 β-CN self-associated and formed 
smaller and less number of the micelle compared to A1 β-CN at the same 
experimental conditions. 
The morphology of β-CN aggregates can be evaluated using scattering or microscopy 
techniques and spherical aggregates are commonly observed; however, variations in 
morphology take place when changing the physicochemical conditions (Kajiwara et 
al., 1988; Leclerc & Calmettes, 1997; Li et al., 2019). An oblate ellipsoid to spheroid 
with increasing temperature was observed by Kajiwara et al. (1988) using small angle 
X-ray scattering. Small and oblate β-CN micelles at pH 7.0 (Portnaya et al., 2006) or 
flat disk-like micelles at both pH of 2.6 and 6.7 (Moitzi et al., 2008) have also been 
visualised using cryogenic transmission electron microscopy. Ossowski et al. (2012) 
showed that β-CN (0.1-1%, w/v in D2O) self-associated into ellipsoidal aggregates at 
25 °C according to small angle neutron scattering profiles.  
It has been known that the self-association of β-CN is a reversible thermodynamic 
process (Dauphas et al., 2005; Li et al., 2019); and the stability of β-CN aggregates is 
mainly attributed to a delicate balance of attractive hydrophobic interaction and 




electrostatic repulsion forces (Evans et al., 1979; Horne, 1998). Increasing 
temperature changes the equilibrium towards micelles by increasing the monomer 
density in the micelles, whereas increasing ionic strength shifts the equilibrium 
position, with only a slight effect on the number of monomers in the micelle 
(Huppertz, 2013).  
The self-association behaviour of β-CN plays an important role in food and 
pharmaceutical applications. For example, the binding of vitamin D3 to β-CN was 
studied in order to improve the stability and bioavailability of vitamin D3 in fat-free 
dairy products (Forrest, Yada, & Rousseau, 2005). A patent has also been issued for 
using β-CN micelles as nanoparticles for delivery of hydrophobic additives (e.g. 
vitamin D) in non-fat foods and beverages (Bargarum, Danino, & Livney, 2009; 
Danino, Livney, Ramon, Portnoy, & Cogan, 2009). In addition, bovine β-CN 
micelles were also applied as nano-vehicles for oral delivery of chemotherapeutic 
drugs as the use of β-CN micelles resulted in a slower release of the hydrophobic 
components compared to the use of  low molecular weight (LMW) surfactant 
micelles (Shapira et al., 2010a; Shapira et al., 2010b). As presented in Section 1.2.1.2, 
the production of membrane filtration-derived β-CN-enriched products was also 
attributed to its thermo-reversible association property. 
1.2.1.3.2 Emulsifying properties 
β-CN is the most hydrophobic, and more importantly, the most amphipathic of all 
caseins (Swaisgood, 2003). It has been shown that, due to the unique AA profile and 
flexible structure, β-CN is one of the most surface-active dairy proteins (Dickinson, 
1999; Mitchell, Irons, & Palmer, 1970). It can adsorb more rapidly at oil-water 
interfaces and is more effective in reducing the interfacial tension compared to other 
proteins (Dickinson, 1989a; Li, Auty, O’Mahony, Kelly, & Brodkorb, 2016). 




Moreover, the presence of phosphoserine residues of the N-terminal in β-CN 
provides the thickness and steric stability of the adsorbed protein layer surrounding 
fat globules, which protects them against flocculation or coalescence (Dickinson, 
1997, 1998). Therefore, β-CN has the potential to be a natural food-grade emulsifier 
in formulated emulsion systems, although it is still too expensive to be used on an 
industrial scale. A large number of research studies have focused on emulsions 
stabilised with β-CN (Dauphas, Amestoy, Llamas, Anton, & Riaublanc, 2008; Li et 
al., 2016; Li, O’Mahony, Kelly, & Brodkorb, 2020; McCarthy et al., 2013b; 
McCarthy, Kelly, O'Mahony, & Fenelon, 2014; Parkinson & Dickinson, 2004), 
which will be discussed in detail in Sections 1.3.2 and 1.3.3. 
1.2.1.3.3 Chaperone activity  
Caseins have been shown to act in a similar manner as molecular chaperones in 
inhibiting heat-induced aggregation of globular proteins and previous studies showed 
that β-CN inhibited large scale heat-induced aggregation of WP (Gaspard, Auty, 
Kelly, O'Mahony, & Brodkorb, 2017; Kehoe & Foegeding, 2011, 2014; O'Kennedy 
& Mounsey, 2006; Yong & Foegeding, 2010). It was found that the heat-induced 
aggregates formed by mixtures of β-CN and WP were smaller in size than aggregates 
comprised of WP only, which results in more soluble protein solutions (Kehoe & 
Foegeding, 2011). The effectiveness of the chaperone activity of caseins is quite 
dependent on the innate and physicochemical conditions, such as protein 
concentration, temperature, and pH (Morgan, Treweek, Lindner, Price, & Carver, 
2005). Reducing the pH (5.5-6.5) or increasing the ionic strength (addition of NaCl 
or CaCl2) decreased the effectiveness of β-CN as a chaperone (Kehoe & Foegeding, 
2011, 2014). At pH 6.0, 2% (w/v) β-CN was more effective in inhibiting β-
lactoglobulin (β-lg) aggregation after heating for 90 min at 90 °C than α-CN at the 




same concentration (Yong & Foegeding, 2008). Furthermore, β-CN was shown to not 
only prevent aggregation of the substrate proteins, but also solubilise the protein 
aggregates already formed (Zhang et al., 2005).  
1.2.2 Whey proteins  
WP are extracted from whey, which is a by-product from processing of cheese or 
casein. WP constitutes 20 and 60% of the total proteins in bovine and human milks, 
respectively (Table 1.1). Commercial whey protein products are widely used by food 
operators due to their high biological value and their excellent physicochemical and 
functional properties, such as whipping, emulsifying and gelling properties. In 
addition, whey proteins have antioxidant properties, which is important in 
maintaining lipid integrity in oil-in-water emulsions (Corrochano, Buckin, Kelly, & 
Giblin, 2018; Hu, McClements, & Decker, 2003).  
Whey proteins are globular proteins characterised by highly ordered secondary 
structures (i.e. α-helix, β-sheet) and compact spherical tertiary structures, held 
together by intramolecular disulphide bonds. In solution, whey proteins are highly 
folded with the hydrophobic AA tending to reside in the centre while the hydrophilic 
AA tend to be at the surface of the globule (Pugnaloni, Dickinson, Ettelaie, Mackie, 
& Wilde, 2004). The principal whey proteins include β-lg, α-lactalbumin (α-la), 
bovine serum albumin (BSA), immunoglobulins (Ig) and lactoferrin (Lf).  
In bovine whey proteins, α-la and β-lg are predominant, comprising 70% of total 
whey protein. Significant differences in the characteristics of α-la and β-lg (Table 1.2) 
result in different denaturation behaviour. α-la is a calcium metalloprotein, which 
contains eight cysteine residues engaged into four intramolecular disulphide (S-S) 
bonds and no free sulphydryl (-SH) group. There is about 26% α-helix, 14% β-sheet 




and 60% random coil structure in native α-la (Deeth & Bansal, 2019). The presence 
of Ca2+ (1 mol per mol protein) within the structure plays an important role in the 
proper folding and disulphide bond formation of native α-la (Rao & Brew, 1989). 
Removal of the bound Ca2+ caused a reduction of denaturation temperature (TD) from 
60 to 30 °C (Relkin, Eynard, & Launay, 1992).  
Unlike α-la, β-lg is relatively insensitive to calcium, and has two intramolecular S-S 
bonds (Cys66-Cys160 and Cys106-Cys119) and one free -SH group (Cys121) per 
monomer of ~18 kDa. The free -SH group is responsible for the irreversible 
aggregation of β-lg during heat treatment. Each native β-lg monomer contains about 
10-15% α-helix, 43% β-sheet and 47% unordered structure. In milk, β-lg naturally 
exists as a dimer of ~36 kDa and the association of β-lg monomer is strongly 
dependent on protein concentration, temperature, pH and ionic strength (Deeth & 
Bansal, 2019; O’Mahony & Fox, 2013).  
1.2.2.1 Heat-induced denaturation of whey proteins 
Unlike caseins, whey proteins are soluble at all pH in the range 2-8, but susceptible 
to heat treatment. Native whey proteins, in particular α-la, β-lg and BSA, undergo 
conformational changes at temperatures > 65 °C and subsequent aggregation. 
Denaturation is defined as the unfolding of protein and the exposure of hydrophobic 
and sulfur-containing groups (i.e. -SH and S-S) from the core of the protein 
monomers. Individual whey proteins exhibit different thermal denaturation 
temperatures ranging from 62 to 78 °C depending on factors, such as protein 
concentration, pH, ionic strength etc. (Brodkorb, Croguennec, Bouhallab, & Kehoe, 
2016). The denaturation process can be either reversible, which involves partially 
unfolding of protein with a loss of helical structure, or irreversible, where whey 




proteins lose their native tertiary and secondary structures, followed by aggregation.  
The development of heat-induced denaturation and aggregation of whey proteins can 
be described as aggregates of α-la being formed initially when subjected to heating. 
At increasing temperature and/or heating time, small aggregates of denatured β-lg are 
formed (Brodkorb et al., 2016). Following heat-induced denaturation, denatured β-lg 
is capable of reacting with other whey proteins or non-whey proteins, in particular κ-
CN via intermolecular -SH/S-S interchange reactions to form protein aggregates or 
complexes (Donato & Guyomarc'h, 2009; Wijayanti, Bansal, & Deeth, 2014) with 
other intermolecular interactions, such as hydrophobic and electrostatic interactions 
also involved. Meanwhile, κ-CN also acts as a chaperone to inhibit the growth of the 
heat-induced whey protein aggregates, especially in the presence of αs- and β-CN, 
and this effect increases with increasing concentration of κ-CN (Gaspard et al., 2017; 
Guyomarc'h, Nono, Nicolai, & Durand, 2009). 
Heat treatment is an essential unit operation in the dairy industry in order to reduce 
the microbial load and extend the shelf life of finished products. Hence, heat-induced 
denaturation of whey proteins becomes a major problem for industrial processing, as 
the formation of protein aggregates results in the fouling of heat exchangers. Also, 
the release of sulfur-containing compounds (e.g. hydrogen sulfide and methanethiol) 
during whey protein denaturation is responsible for the cooked flavour in milk, 
thereby bringing unfavourable flavour to the finished products (Wijayanti et al., 
2014). In order to solve these problems, various approaches have been followed to 
prevent or reduce heat-induced aggregation of whey proteins, such as addition of 
chaperone proteins (see Section 1.2.1.3.3) or hydrophobic compounds (Le et al., 
2007), or conjugation with carbohydrates (Zhu, Damodaran, & Lucey, 2010). 





An emulsion is a two-phase system comprising of two or more immiscible phases, 
with one of the liquids being dispersed as spherical droplets, referred to as the 
dispersed phase (internal phase) and the other liquid surrounding the droplets is 
called the continuous phase (external phase) (McClements, 2016). In general, 
emulsions can be classified as oil-in-water (O/W) where oil droplets are dispersed in 
the continuous water phase, and water-in-oil (W/O) with the two phases exchanged. 
Conventional emulsions with droplet size between 0.1 and 100 μm are commonly 
employed in a variety of food products; for example, the droplet size (D3,2) of infant 
formula and traditional Italian salad dressing are 0.4 (Michalski, Briard, Michel, 
Tasson, & Poulain, 2005) and 66.44 µm (Perrechil, Santana, Fasolin, Silva, & Cunha, 
2010), respectively. Except for conventional emulsions, novel structured emulsions, 
such as multiple layer emulsions, nanoemulsions (20-100 nm) and microemulsions 
(5-50 nm), have also attracted interest from many scientists in recent years in order to 
improve the functional properties of foods (McClements, 2010).  
Emulsions are also designed as delivery systems to encapsulate functional and 
bioactive ingredients, including hydrophilic (e.g. vitamins), hydrophobic (e.g. 
carotenoids) or flavour (e.g. limonene) components (Mao, O'Kennedy, Roos, Hannon, 
& Miao, 2012; McClements, Decker, & Weiss, 2007). Emulsifying functional 
ingredients within an oil or water phase can protect them from physical or chemical 
degradation to improve bioavailability, and a structured emulsion can efficiently 
release the bioactive components within the gastrointestinal tract (McClements & Li, 
2010; McClements, 2016). Hence, emulsions are widely employed in the food 
industry to extend the shelf-life and quality of functional food products. 




1.3.1 Emulsion formation  
The process of converting two immiscible liquids into an emulsion by using 
mechanical forces is known as homogenisation, and various mechanical devices are 
used in order to carry out this process, such as high speed blenders, high pressure 
valve homogenizers, microfluidisers or ultrasonicators (Schultz, Wagner, Urban, & 
Ulrich, 2004). The formation of an emulsion is generally divided into two-steps (Fig 
1.6): the first step (primary homogenisation) involves a coarse (pre-mix) emulsion 
developed by mixed the two phases using a high shear mixer, and the second step 
(secondary homogenisation) aims to reduce the size of the droplets in an already 
existing emulsion by using a high pressure homogeniser (McClements, 2016). In the 
dairy industry, the second step is usually a two-stage homogenisation process, in 
which the first stage is often set at high pressure and is responsible for breaking up 
the droplets, while the second stage is set at a lower pressure and is mainly 
responsible for disrupting any flocs that are formed during the first stage. 
 
Figure 1.6 Homogenisation can be divided into two steps: primary and secondary 
homogenisation. Primary homogenisation is the conversion of two bulk liquids into 
an emulsion, whereas secondary homogenisation is the reduction in size of the 
droplets in an existing emulsion, adapted from McClements (2016). 




1.3.2 Emulsion stability  
Food emulsions are inherently thermodynamically unstable systems due to the 
incompatibility of the oil and water phases at the interface. However, emulsions can 
be kinetically stable, which is attributed to a balance of repulsive and attractive forces 
between neighbouring droplets. Typical repulsive forces include electrostatic 
repulsion and steric hindrance, whereas hydrophobic interaction, electrostatic 
attraction and hydrogen bonding are common attractive forces. When attractive 
forces between droplets are large enough to overcome the repulsive forces, emulsion 
destabilisation occurs, and this may have positive or negative effects on food 
emulsions depending on the nature of the food product; for instance, phase inversion 
is an essential step in the manufacture of butter and margarine, whereas it has an 
adverse effect on the appearance, texture, stability, and taste in other foods such as 
milk and beverages (McClements, 2016). 
The stability of milk protein-stabilised emulsions has been extensively studied by 
food researchers with respect to the entire process of food production (Chen, 
Dickinson, & Iveson, 1993; Demetriades, Coupland, & McClements, 1997; 
Dickinson, Golding, & Povey, 1997; Dickinson & Parkinson, 2004; Dickinson, 2009; 
Li et al., 2020; McClements, 1999; McClements, 2004; Ye, 2008). The most 
common emulsion destabilisation mechanisms involve flocculation, coalescence, 
creaming or sedimentation, phase inversion and Ostwald ripening (Fig.1.7), and these 
mechanisms of instability are interrelated. Creaming or sedimentation is a phase 
separation process, which is driven by the gravitational force (or centrifugal force). In 
an O/W emulsion, oil droplets move upward as they have a lower density than the 
surrounding continuous phase, and this process is called creaming. This phenomenon 
can be evaluated within a short time using an analytical centrifuge technique (i.e. 




LUMiFuge® or LUMiSizer® stability analyser) (Li et al., 2016; Li et al., 2020; Mao 






















Flocculation is a typical phenomenon in protein-based emulsions and it occurs when 
two or more droplets contact each other to form an aggregate, but without losing the 
individual interfacial film surrounding each droplet. Therefore, the flocculated 
droplets retain their integrity and can be re-dispersed by blending or diluting the 
system with the continuous phase. Emulsion flocculation can be either bridging or 
depletion flocculation. The former is defined as an aggregation caused by electrically 
charged biopolymers (e.g. proteins and polysaccharides), which adsorb on bare oil 
droplets or on emulsifier-coated oil droplets through electrostatic interaction, and 
thereby form bridges between two or more droplets (McClements, 2004). In the study 
of Li et al. (2020), bridging flocculation was observed in β-CN-stabilised emulsions 
in the presence of 3.5 mM calcium at 55 °C, which is attributed to the interaction of 
adsorbed β-CN on different droplets, and interaction between adsorbed β-CN and 
non-adsorbed β-CN aggregates in the aqueous phase via calcium bridges. Depletion 
flocculation is induced by non-adsorbed biopolymers in the aqueous phase due to 
osmotic effects, and the extent of depletion flocculation is influenced by the 
concentration of non-adsorbing biopolymers. For example, an O/W emulsion (35% 
v/v n-tetradecane, pH 6.8, 30 °C) stabilised with NaCN was stable for 30 d when 
protein concentration was 2% (w/w). At a higher protein concentration (4% w/w), 
depletion flocculation took place because of the additional non-adsorbed protein in 
aqueous phase, while a further increase in protein concentration (6% w/w) led to a 
decrease in the flocculation rate of the emulsions due to the formation of a weak 
particle network gel, which limited the movement of the droplets (Dickinson & 
Golding, 1997). 
Coalescence is the process by which two or more droplets merge during contact, 
resulting in growth of droplet size (losing individual interfacial film). Severe 




coalescence is the beginning of creaming, as bigger droplets are more likely to move 
fast to the top of the system. Both emulsion flocculation and coalescence are 
associated with a change in fat globule size, rheological property and microstructure, 
which can be assessed using light scattering (e.g. Mastersizer), rheometry and 
microscopy techniques (Dickinson et al., 1997; Li et al., 2020; Ye & Singh, 2001). 
Ostward ripening and phase inversion are also important physical changes in the 
emulsion systems. The former is the process whereby larger droplets grow at the 
expense of smaller droplets, and the latter is the process whereby an O/W emulsion 
changes to a W/O emulsion, or vice versa.  
It is well known that the nature of the interfacial layer surrounding the oil droplets is 
of particular importance in determining the overall appearance, texture and stability 
of emulsions (Dickinson, 2001; Dickinson & Parkinson, 2004; McClements, 2004; 
McSweeney, Mulvihill, & O’Callaghan, 2004; Raikos, 2010). The interfacial layer is 
formed with surface-active molecules, called emulsifiers, which can rapidly adsorb to 
the surface of newly formed droplets and reduce the interfacial tension during 
emulsification, thereby protecting the droplets against aggregation. Most emulsifiers 
are amphiphilic molecules with a hydrophilic “head” group that has a high affinity 
for water and a hydrophobic “tail” group that has a high affinity for oil (McClements, 
2016; Stauffer, Ambigaipalan, & Shahidi, 2020; Walstra, 2003). Emulsifiers used in 
the food industry range from LMW surfactants (e.g. Tween™ and lecithin) to large 
biopolymers (e.g. proteins and polysaccharides), and the major driving force for 
adsorption of these amphiphilic biopolymers to oil–water interfaces is the 
hydrophobic effect. 
 




1.3.3 Factors influencing the stability of milk protein-stabilised 
emulsions 
There are many factors affecting the stability of milk protein-stabilised emulsions, 
which influence the properties of adsorbed protein layer, such as protein 
concentration, type of protein, pH, temperature and addition of salts. It is worth 
noting that these factors often have synergistic effects on the stability of emulsions, 
and details are discussed below. 
1.3.3.1 Protein concentration 
Protein concentration has a direct influence on the stability of milk protein-based 
emulsions. Emulsions with a low protein concentration are susceptible to coalescence 
due to insufficient protein being present to completely cover all of the oil droplets. 
On the other hand, excess protein may contribute to form the multiple layers or cause 
depletion flocculation (Dickinson et al., 1997; McClements, 2004). The surface load 
of the emulsifier (g/m2) is calculated from the amount of adsorbed proteins and the 
surface area of the fat droplets and increases with increasing emulsifier concentration 
until it reaches the value of the surface concentration of the emulsifier at saturation 
(Γsat) :  
Γsat =CED3,2/6Φ              (Eq. 1.1) 
where CE is the emulsifier concentration per unit volume of emulsion (in kg/m
3), D3,2 
is the surface-weighted droplet diameter (in μm), and Φ is the dispersed phase 
volume fraction (in %) (McClements, 2010). The Γsat value depends on the 
aggregation state of milk proteins. The Γsat value is around 2-3 mg/m
2 for systems 
emulsified with CN or WP, while it was found that the Γsat value increased to 10 
mg/m2 in emulsions stabilized with casein micelles (Pelan, Watts, Campbell, & Lips, 
1997).  




1.3.3.2 Type of protein 
The type of emulsifier is of particular significance in determining the stability of 
emulsions. Compared with LMW surfactants, milk proteins exhibit less efficient 
surface activity due to their high molecular weight and more complex structure. 
However, proteins can form thicker interfacial layers and protect droplets from 
aggregation on a long storage via steric and electrostatic stabilization mechanisms 
(Dickinson, 2009). The most common milk protein-based emulsifiers used in the 
food industry include milk protein concentrate (MPC), milk protein isolate (MPI), 
caseinates, micellar casein, whey protein concentrate (WPC) and whey protein isolate 
(WPI) (McClements, 2016; McSweeney, 2008). The adsorption behavior and 
interfacial properties of milk proteins are influenced by the molecular structure and 
interactions of the adsorbed proteins (Fig. 1.8) (Pugnaloni, et al., 2004); for example, 
globular WP are less surface-active than CN (Brun & Dalgleish, 1999; Dalgleish, 
Goff, Brun, & Luan, 2002). During homogenization, WP partially unfold causing 
exposure of hydrophobic groups to the non-aqueous phase, which can adsorb at O/W 
interface (Pugnaloni et al., 2004), and they tend to form relatively thin, compact 
interfaces with high viscoelasticity, due to their rigid and complex structure.  
 
 





Figure 1.8 The properties of an interfacial layer depend on the molecular structure 
and interactions of the adsorbed biopolymers (McClements, 2016). 
 
Compared to WP, CN molecules have higher surface hydrophobicity and flexibility 
in their structure (Sections 1.2.1), leading to faster conformational rearrangement and 
reduction in interfacial tension when caseins, in particular β-CN, adsorb at an O/W 
interface (McClements, 2004). The structure of adsorbed layers composed of αs1- or 
β-CN (dominant caseins) have been proposed by Dickinson (1998, 1999), as shown 
in Figure 1.9, where 20-25% of the β-CN molecular chain exists as a highly charged 
tail dangling away from the hydrophobic surface, and the remaining 75-80% are 
attached to the surface existing as trains and small loops. Adsorbed αs1-CN extends 
considerably less far from the surface than adsorbed β-CN. Due to their significantly 
different adsorption behaviour, emulsion stabilised with β-CN had smaller droplets 
than αs1-CN emulsions, indicating the greater effectiveness of β-CN as an emulsifier 
over αs1-CN in terms of stabilising emulsions (Casanova & Dickinson, 1998b).  
 






Figure 1.9 Sketch of proposed typical adsorbed configurations at hydrophobic 
surface for (a) β-casein and (b) αs1-casein (Dickinson, 1999). 
 
In the manufacture of food emulsions, mixtures of milk proteins with each other or 
LMW emulsifiers are generally used in order to improve the stability of emulsions 
against flocculation or coalescence (Dickinson & Parkinson, 2004; Kralova & 
Sjöblom, 2009; McSweeney, 2008; Parkinson & Dickinson, 2004). Competitive 
adsorption of individual milk proteins occurs in O/W emulsions containing two or 
more milk proteins and this has been extensively studied in different model emulsion 
systems under physiochemical conditions (Brun & Dalgleish, 1999; Chen et al., 1993; 
Dalgleish et al., 2002; Dickinson et al., 1988; Dickinson, Rolfe, & Dalgleish, 1989; 
Seta, Baldino, Gabriele, Lupi, & Cindio, 2014; Ye, 2008). As an example, β-CN 
preferentially adsorbed to the fat surface in emulsions with both αs1- and β-CN due to 
its high surface hydrophobicity (Dickinson et al., 1988). Ye (2008) reported that, in 
emulsions (30% soya oil, pH 7.0) stabilised with NaCN and WPC (1:1 by protein 
weight), caseins adsorbed predominately at the interface at high protein 
concentrations (> 3%), whereas whey proteins adsorbed in preference to caseins at 
low protein concentration (< 3%). Dalgleish et al. (2002) found that caseins tend to 




dominate the adsorbed layer in milk protein-based emulsions at room temperatures. 
However, on heating emulsions to 80-85 °C, whey proteins competitively displaced 
nearly all the caseins from the interface. 
1.3.3.3 Heat treatment 
In the food industry, emulsions are often subjected to thermal processing in order to 
enhance microbiological quality and ensure the safety for consumption. However, 
protein aggregation-mediated flocculation and coalescence during heat treatment of 
milk protein-stabilised emulsions is a common challenge encountered during 
processing. Thermal processing can induce the flocculation or coalescence of whey 
protein-stabilised emulsions when temperature is greater than the TD of whey proteins 
(Section 1.2.2), due to the conformational changes in the proteins, which exposes 
hydrophobic and sulfhydryl-containing AA, thereby leading to increased attractive 
interactions between proteins that are adsorbed either on the same or on different 
droplets via hydrophobic interactions or S-S bonds (McClements, 2004; Tcholakova, 
Denkov, Sidzhakova, & Campbell, 2006). For instance, in the study of Dickinson & 
Parkinson (2004), emulsions (45% n-tetradecane, pH 6.8) stabilised with WPI (3% 
w/v protein) did not flocculate at room temperature but tended to destabilise after 
being heated at temperatures > 70 °C. In addition, β-lg-stabilized emulsions (30% n-
tetradecane, 2% w/v protein, pH 6.8) did not destabilise until temperatures higher 
than 85 °C were used. According to Parkinson & Dickinson (2004), replacement of 
1% β-lg by NaCN led to complete elimination of heat-induced viscosity or particle 
size increase in a β-lg-stabilised O/W emulsion (3% total protein, 45% n-tetradecane, 
pH 6.8, ionic strength 30-50 mM), and the effectiveness of caseins as stabiliser 
ranked from high to low was concluded as β-CN > NaCN > αs1-CN.  
In general, casein-based emulsions are quite stable to heat treatment (Dickinson & 




Parkinson, 2004); however, a temperature dependent-destabilisation of emulsions can 
happen in concentrated oil-in-water emulsions, and this is attributed to the reversible 
temperature-dependent self-association of casein molecules. A previous study 
(Casanova & Dickinson, 1998b) showed that pure β-CN-based emulsions (45% oil, 
5% w/v protein) flocculated and exhibited a shear-thinning rheological behaviour in 
the temperature range of 5-40 °C; while in terms of the pure αs1-CN-based emulsion, 
Newtonian flow behaviour was observed in the temperature range 0-30 °C and a 
highly shear-thinning behaviour was only measured at 40 °C. Emulsions stabilised 
with a mixture of αs1-CN and β-CN (different ratios) also showed substantially 
different temperature-dependent rheological behaviour. These results suggest that the 
extent of flocculation of emulsions prepared with caseins is strongly dependent on 
temperature and the ratio of αs1-CN and β-CN, as β-CN shows very different 
association mechanisms compared to αs1-CN (O'Connell et al., 2003).  
1.3.3.4 Effects of pH and salt  
Milk protein-stabilised emulsions are particularly sensitive to pH and salts. The 
surface charge of adsorbed proteins changes as pH values get close to the pI and 
when the ionic strength of salts exceeds a particular level, leading to reduced 
electrostatic repulsion between the droplets, which is no longer sufficiently strong to 
overcome the various attractive interactions, ultimately resulting in flocculation 
(McClements, 2004). Sodium chloride (NaCl), potassium chloride (KCl) and CaCl2 
are the most common salts to be added into the formulation of dairy products, and 
Ca2+ is more effective at destabilizing the emulsions than Na+/K+, due to ion-binding 
and screening effects. A number of studies have been carried out to investigate the 
effect of salts on the stability of emulsions, especially casein-based emulsions 
(Casanova & Dickinson, 1998a; Dickinson, Hunt, & Horne, 1992; Dickinson & 




Davies, 1999; Dickinson et al., 2001; Ye & Singh, 2001). The addition of Ca2+ 
reduces the negative charge of the adsorbed casein layer and the thickness of the 
hydrophilic layer (Fig. 1.10), but increases the amount of adsorbed protein (Atkinson, 
Dickinson, Horne, & Richardson, 1995), and these modifications of the interfacial 
layer promote emulsion destabilisation and shear-induced coalescence (Dickinson & 
Davies, 1999; Velev, Campbell, & Borwankar, 1998).  
 
 
Figure 1.10 Influence of Ca2+ addition in a system of casein-coated emulsion 
droplets. Binding of calcium ions reduces the net negative charge on the protein 
molecules (loss of electrostatic stabilization) and the thickness of the adsorbed layer 
(loss of steric stabilization). Adapted from Dickinson & Davies (1999). 
 
1.3.4 Surface and interfacial tension  
During homogenization, the free energy between either air-liquid or liquid-liquid 
phases is reduced when emulsifiers adsorb at an interface. This reduction in free 
energy can be measured by surface tension for gas-liquid systems or interfacial 
tension, which is used for emulsion systems (McClements, 2016). Both surface and 
interfacial tension can be expressed in units of energy per unit interfacial area (J/m2) 




or force per unit length of interface (N/m) and they are critical parameters 
representing the surface-active properties of a compound. Generally it is known that 
the solutes in water with lower surface/interfacial tension are more surface-active and 
adsorb rapidly onto the newly formed O/W or W/O interfaces. Dynamic 
surface/interfacial tension measurement over time is commonly measured, as it 
provides useful information about the development of the adsorbed layer with time 
(Drapala, Auty, Mulvihill, & O'Mahony, 2015; Li et al., 2016; Pugnaloni et al., 2004). 
Three analytical techniques are typically used to determine surface/interfacial tension: 
(i) microbalance technique with the Wilhelmy plate geometry; (ii) pendant drop 
techniques using image analysis software; and (iii) spinning drop method using 
image analysis software (Berry, Neeson, Dagastine, Chan, & Tabor, 2015; Drelich, 
Fang, & White, 2015). Drapala et al. (2015) studied the dynamic surface tension of 
soya bean oil containing different levels of lecithin (0-5%, w/w) for emulsion 
formulation development using a tensiometer equipped with a Wilhelmy plate. The 
authors found that extent of decrease in surface tension increased with increasing 
lecithin content when the lecithin addition level was lower than 2%; however, higher 
levels of addition of lecithin (2–5%) did not contribute to significant decreases in 
surface tension. Li et al. (2016) used the same approach to measure the dynamic 
interfacial tension of milk protein solutions, which demonstrated that mixtures of 
WPI and β-CN were able to lower interfacial tension to a greater extent than WPI 
alone.  
1.4 Infant formulae  
Infant formula (IF) is recognised as a suitable substitute for human breast milk for 
newborn infants if a mother is unable, or chooses not to breastfeed. It is a typical 




emulsions-based nutritional product, which is specially designed with a composition 
that is based on that of human milk including five basic components: protein, fat, 
carbohydrate, minerals and vitamins. Commercial IF products can be classified based 
on child’s age, such as first infant milk (first stage IF, 0-6 months), follow-on milk 
(6-12 months) and growing up milk (1-3 years). IF products can also be categorised 
based on the protein source (e.g. bovine milk- and soymilk-based formulae) and the 
degree of protein hydrolysis (e.g. ‘extensively’ or ‘partially’ hydrolysed protein-
based formulae). Hydrolysed protein IF are more suitable for pre-term infants or 
infants with medical conditions because hydrolysed proteins are much easier to digest 
(Hernández-Ledesma, García-Nebot, Fernández-Tomé, Amigo, & Recio, 2014).  
Bovine milk formulae are the most common infant nutritional products for healthy 
infants, where bovine milk is used as the primary ingredient in the manufacture of IF. 
However, the macronutrient profiles (e.g. protein, carbohydrate and minerals) in 
bovine milk are quite different from those in human milk (Table 1.3). For instance, 
bovine milk contains 3-4% total protein, while human milk contains only ~1% 
protein (Fox & McSweeney, 2003). Furthermore, there are significant qualitative 
differences in protein profile of both milks (Table 1.1). In bovine milk, the ratio of 
whey protein to casein (WP:CN) is about 20:80, while the WP:CN ratio of human 
milk is quite dependent on the stage of lactation, ranging from about 90:10 at the 
onset of lactation to 60:40 or 50:50 later in lactation (Rudloff & Kunz, 1997). 
Therefore, reformulation of bovine milk must be carried out in order to best match 
the nutritional profiles of human milk for normal infant growth and development.  
 
 




Table 1.3 Composition of bovine, human milk and infant formula  
Component Bovine milk  Human milk  Infant formula 
 Per 100 mL 
Energy (kcal) 69 71 60-70 
Water (g) 87.3 87.8 84-89* 
Fat (g) 3.7 3.8 2.9-3.9* 
Protein (g) 3.4 1 1.2-2.0* 
Carbohydrate (g) 4.8 7 5.9-9.1* 
Ash (g) 0.7 0.2 0.2-0.6* 
Adapted from McSweeney et al. (2013) and European Commission (2006). 
*Calculated from European Commission (2006) for energy content = 65 kcal/100 mL 
 
1.4.1 Formulation of bovine milk-based infant formulae 
In the manufacture of IF, formulation plays an important role, as it should match the 
nutrient profiles of human milk as much as possible to ensure that the nutritional 
requirements of the infant are met. The formulation of IF should strictly comply with 
the compositional standards/regulations, which often differ slightly between different 
countries or regions. In order to satisfy the essential AA requirement of infants, the 
protein content in IF is generally higher than that of human milk, because human 
milk provides all AA required by infants for adequate growth and development, 
whereas bovine milk contains many AA in excess, but is lower in levels of cysteine 
and tryptophan (Dewey, Beaton, Fjeld, Lönnerdal, & Reeds, 1996). According to 
Codex Alimentarius Commission (1981) and the European Commission (2006) 
(Table 1.3), the minimum and maximum protein level permitted in infant formulae 
are 1.8 g and 3 g/100 kcal, respectively. A WP-dominant formulation with a WP:CN 
ratio of 60:40 has been used to produce IF since 1961, first made possible by the 




development of demineralised whey (Lien, 2003). Regular first stage IF is a typical 
whey-dominant formula, which is formulated with skim milk, demineralised whey, a 
blend of vegetable oils (i.e. palm, coconut, soybean and sunflower oils), lactose and 
minerals (i.e. Na, Ca, Mg, K, P, Cl) in a proper ratio, although a CN-dominant 
formulation is also commercially available and this product is marketed for ‘hungrier 
babies’ (McSweeney, 2008; Owens, Labuschagne, & Lombard, 2012).   
With the recent development of fractionation technologies for milk proteins, novel 
milk protein ingredients have been produced for use in IF (Barone, O'Regan, & 
O'Mahony, 2019; McCarthy, Wijayanti, Crowley, O'Mahony, & Fenelon, 2017). This 
allows the nutritional profiles of IF to closely match that of human milk, but also 
confer some functional properties. For example, the development of α-la-enriched 
whey protein ingredients brings IF closer to the protein profile and the total protein 
content of human milk due to the more optimal contribution of essential AA (e.g. 
tryptophan) required by the infant. In addition, model IF-enriched in α-la showed 
lower viscosity and improved heat stability and gastrointestinal tolerance compared 
to conventional formulae (Buggy et al., 2016; Crowley, Dowling, Caldeo, Kelly, & 
O’Mahony, 2016a; Davis, Harris, Lien, Pramuk, & Trabulsi, 2007).  
β-CNen protein fractions are also promising ingredients for humanising the casein 
fractions of next generation IF, as human milk β-CN constitutes 65–85% of total 
casein, which is almost twice that of bovine milk (Lönnerdal, 2003; McSweeney et 
al., 2013; Raikos, 2010). Due to its superior emulsifying properties and resistance to 
heat denaturation, β-CN can effectively stabilise emulsion systems including IF, 
especially when subject to thermal processing (i.e. pasteurisation, evaporation and 
spray drying). However, the production of food-grade β-CNen protein fraction on an 
industrial scale is not fully mature (Section 1.2.1.2), which leads to very limited 




information being available on the use of β-CNen fractions in IF. The association 
behaviour of β-CN may cause the destabilisation of β-CNen IF emulsions during 
manufacture, which is strongly dependent on the protein concentration, temperature, 
calcium content and ionic strength (Section 1.2.1.3.1 and 1.3.3.3). It is envisaged that 
these could make the manufacture of β-CN-enriched IF product more challenging 
than that of conventional IF.  
1.4.2 Processing of infant formula powders 
Commercial IF products are often manufactured as either powder or liquid format, 
with powdered formulae being the most common. The manufacture of powdered IF 
can be performed by wet blending, dry blending or a combination of both 
(McSweeney, 2008). Wet blending is the most widely used approach in the 
manufacture of IF, and the production of IF powder generally involve five principal 
steps: ingredient blending, heat treatment, homogenisation, evaporation and spray 
drying (Fig. 1.11). In the ingredient blending process, both liquid and powdered 
ingredients are mixed together in large vessels according to the formulation. High 
shear mixing devices and elevated temperatures (50-70 °C) are often used to ensure 
complete hydration of the powders (Kelly, O’Mahony, Kelly, & O’Callaghan, 2016; 
Montagne, Van Dael, Skanderby, & Hugelshofer, 2009; O'Sullivan, Drapala, Kelly, 
& O'Mahony, 2018). Heat treatment (i.e. pasteurisation, UHT) may be applied prior 
to homogenisation or evaporation to eliminate microbial growth in the product, after 
which heat-sensitive ingredients (e.g. vitamins) are added. The pre-heated coarse 
mixture subsequently passes through a homogeniser, which allows the proteins, 
together with LMW food-grade emulsifiers (e.g. lecithins, mono and diglycerides), to 
form an interfacial layer(s) that stabilises the oil droplets against coalescence. 
Generally, oil droplets with a particle size smaller than 1 μm are formed and 




homogeneously distributed in the aqueous phase (McCarthy et al., 2012; McSweeney, 
2008). In typical processes, evaporation is usually achieved by single- or multiple-
effect falling-film vacuum evaporators prior to spray drying with the aim of 
removing water so that increasing the total solids content to the target value (~50-
58%) (McSweeney, 2008). The evaporation of IF results in significant increase in the 
oil droplet size, as well as changes to other functional properties (e.g. viscosity) 
(McCarthy et al., 2012).  
During the spray drying process, the concentrated mixture is atomized into a hot air 
stream (180–200 °C) which converts the liquid feed into powder particles with a low 
moisture content (typically < 3%) due to the rapid evaporation of water. Fine powder 
particles with a particle size ranging from 10-50 μm are normally formed using a 
conventional single-stage dryer. Two-stage and multistage dryers are spray dryers 
equipped with an external or integrated fluidised bed, and are widely used to yield 
desirable agglomerated particles (200-300 μm particle size) in particular for 
manufacturing of IF products (Gaiani, Schuck, Scher, Desobry, & Banon, 2007; 
Montagne et al., 2009). The agglomeration of dry powders has been shown to tailor 
and enhance the physicochemical characteristics of powder particles, such as bulk 
density, flowability and rehydration (Gianfrancesco, Turchiuli, & Dumoulin, 2008). 
These properties are also very dependent on other drying parameters, like type of 
atomizer (nozzle or disc), and inlet and outlet air temperatures (Gaiani et al., 2007; Ji, 
Cronin, Fitzpatrick, Fenelon, & Miao, 2015; Sharma, Jana, & Chavan, 2012). 
The drying process promotes the migration of milk components (i.e. fat, protein and 
lactose) toward the particle surface and the surface composition of the powder 
particles can be measured using X-ray photoelectron spectroscopy (Drapala et al., 
2017; Gaiani et al., 2006a; McCarthy et al., 2013a; Nijdam & Langrish, 2006). Fat 




has been found to be the major component at the surface of particles in most spray-
dried dairy powders, followed by protein and then lactose (Kim, Chen, & Pearce, 
2002; Nijdam & Langrish, 2006). Similar results were observed by McCarthy et al. 
(2013a) in model IF powders stored at 0% relative humidity (RH), whereas when 
powders stored at 54.4% RH for 96 h, surface composition changed into fat > 
lactose > protein. In addition, the surface composition of powder particles also 
depends on the formulation (e.g. protein to fat ratio) and manufacturing conditions 
(e.g. extent of heat treatment, drying parameters). Millqvist-Fureby, Elofsson, & 
Bergenståhl (2001) demonstrated that the surface protein content of spray-dried 
WPC-stabilised emulsion decreased with increasing extent of heat-induced protein 
denaturation prior to emulsification.  
 
 
Figure 1.11 A schematic of a typical wet mixing process for infant formula 
manufacture. Sourced from https://www.vaisala.com. 
 
 




1.4.3 Rehydration properties of infant formulae 
Rehydration is one of the most important properties determining the functionality of 
powders, particular IF. Instant/fast rehydration properties are desirable for 
manufacturers and consumers as a benchmark of consumption quality. Generally, 
rehydration processes for dairy powders involve 5 steps: (1) wetting, (2), swelling (3) 
sinking, (4) dispersion and (5) dissolution (Fig. 1.12), and each step of rehydration is 




Figure 1.12 Schematic representation of rehydration profile for an agglomerated 
high-protein dairy powder, showing (1) wetting, (2) swelling, (3) sinking, (4) 









Wetting is the first step of powder rehydration and is recognised as one of the most 
important steps in determining the rate of rehydration of dairy powders (Kim et al., 
2002). Wettability is used as a measure of the ability of powder particles to overcome 
interfacial tension between solid and liquid at a certain temperature, and to be 
completely wetted as a function of time (GEA Niro, 2005). Wetting behaviour can be 
assessed through different methods including immersional, capillary rise, 
condensational and spreading wetting (Fig. 1.13) (Lazghab, Saleh, Pezron, Guigon, 
& Komunjer, 2005). Immersional wetting procedures use the time required for a 
given quantity of powder to submerge fully below the liquid surface as a 
determination of wettability. This method is used by the International Dairy 
Federation (IDF) as a standard test for wettability (IDF, 1979) and it is of practical 
use for dairy powders that are easy to wet, such as IF products. Capillary rise wetting 
is a process whereby the liquid penetrates into the solid porous structure by capillary 
force, and the Washburn method is typically used (Washburn, 1921). This approach 
is of importance in wetting of porous media; however, the feasibility of this method 
for dairy powders is still not validated. Condensational wetting focuses on the 
adsorption of vapour on the solid substrate, and higher rates of vapour adsorption on 
the solid surface means better wetting.  
Spread wetting is a process in which a given quantity of a liquid spreads over a solid 
substrate. The static contact angle (θ) is the tangent angle at the contact point of 
liquid, solid and air phases and is an important index of the wettability of powders. 
As the wetting behaviour of powder particles is believed to be a dynamic process, 
change in θ over time when a single liquid drop penetrates into a powder bed is 
normally used to quantify the speed of the wetting and this process can be monitored 




using an optical tensiometer (Crowley et al., 2016b; Ji, Fitzpatrick, Cronin, Crean, & 
Miao, 2016). In general, small contact angles (θ < 90°) correspond to excellent 
wettability, while large contact angles (θ > 90°) are associated with poor wettability 




Figure 1.13 Different wetting procedures of powders. Sourced from Ji et al. (2016). 
 
1.4.3.2 Swelling and sinking 
During the integral rehydration process, swelling and sinking are the stages after 
powder particles become fully wetted. Sinkability is referred to as the ability of 
powder particles to sink below the liquid surface, and is dependent on the particle 




size and particle density. Powders with low bulk density will have a greater tendency 
to float on the surface when added to a liquid and the occurrence of the swelling 
stage is dependent on the formulation of dairy powders. For example, CN-dominant 
powders undergo a distinct swelling stage during rehydration, while this may not be 
the case for WP-dominant powders (Crowley et al., 2016b).  
1.4.3.3 Dispersion 
Dispersion is a process whereby wetted agglomerated particles break down and 
disperse uniformly as individual particles in liquid medium (Fig. 1.9) and 
dispersibility is referred to as the ability of the powder to disintegrate into primary 
particles. It has been found that the dispersibility of dairy powders is mainly 
dependent on the ability of casein to disperse in solution (Fang, Selomulya, & Chen, 
2007). Gaiani et al. (2007) reported that casein powders had excellent wettability but 
showed very slow dispersion after wetting, while whey powders showed opposite 
rehydration properties, with poor wettability and fast dispersion rate.  
In the dairy industry, dispersibility index is used as a parameter to compare the rate 
of dispersion between each IF product; this is defined as the percentage (%) of dry 
matter that passes through a sieve after mixing for a short time with a spatula and an 
IDF standard method is commonly used (Fig. 1.14; IDF, 1979). The rate of 
dispersion determines whether a food powder can be classified as “instant” or not. 
According to the IDF standard, powder is defined as instant if its dispersibility index 
is above 85% for whole milk or 90% for skim milk. 
In addition to the traditional IDF method, there are several techniques for 
determining powder dispersibility, such as static light-scattering, turbidimetry, 
conductimetry, and microscopy techniques. Ji et al. (2016) assessed four different 
methods (IDF method, laser-light scattering, light transmission and conductimetry) 




for the measurement of dispersibility of six dairy powders and the authors found that 
the traditional method was more suitable for powders with good wettability. Both 
light scattering and light transmission methods were suitable to reflect dispersion 
process of slow-dispersing milk protein powders, while the conductimetry method 
was an indirect approach to evaluate the dispersion process of powders and was more 
capable for casein-dominant powders. 
 
Figure 1.14 Typical procedure used to determine the dispersibility of dairy powders. 
Taken from Crowley et al. (2016b). 
 
1.4.3.4 Dissolution 
As the final step of rehydration, dissolution is the process whereby dairy powder 
particles dissolve completely in the liquid medium followed by release of the 
constituent molecules (e.g proteins, carbohydrates, minerals etc.). Mimouni, Deeth, 
Whittaker, Gidley, & Bhandari (2010) demonstrated that WP, monovalent ions and 
lactose were the fast-dissolving components during the dissolution of MPC, while 
CN micelles and associated minerals dissolved slowly, possibly because of the 
formation of a network via inter-micellar linkages, making it more difficult for casein 
micelles to be released into solution. Solubility is considered as the key parameter in 




determining the overall rehydration quality of powders and insolubility index is 
widely used as an indicator to determine the solubility of milk powders in the dairy 
industry (Fang et al., 2007).  
1.4.3.5 Factors influencing powder rehydration 
The composition of the powder has an impact on its rehydration properties; a low 
protein content powder normally shows better reconstitution properties than 
concentrated protein powders. For example, the wettability of 35% and 86% MPC 
powders was measured using optical tensiometry and it was found that the decrease 
in θ over 5 s after a drop of water deposited on a 35% protein MPC powder was > 
40% compared to < 10 % for a 86 % protein MPC powder, indicating that the 
wettability was impaired as protein content increased (Crowley et al., 2015). 
Compared to the bulk composition, surface composition of powders plays a more 
important role in determining the rate of rehydration and the amount of surface fat is 
of particular importance (Kim et al., 2002; Kim, Chen, & Pearce, 2005; Nijdam & 
Langrish, 2006; Sharma et al., 2012; Vignolles, Jeantet, Lopez, & Schuck, 2007). It 
has been reported that the fat on the surface was mostly free fat, and that fat globules 
emulsified by proteins were preferentially located underneath the surface fat. High 
free fat content on the surface of powders results in a decrease in wettability and 
dispersibility due to the hydrophobicity of fat, which restricts water penetration into 
the powder particles (Kim et al., 2002; Vignolles et al., 2007). There are several 
factors affecting the amount of free fat on powders, such as the type of fat used, 
emulsion droplet size, spray drying and storage conditions (Buma, 1970; Gaiani et al., 
2009; Maher, Roos, & Fenelon, 2014; Millqvist-Fureby, 2003).  
Rehydration properties of powders are also influenced directly by manufacturing 
conditions. For example, thermal processing leads to the denaturation and 




aggregation of WP, which has been shown to reduce the solubility of MPC powders 
(Fang, Rogers, Selomulya, & Chen, 2012). On the other hand, agglomeration 
processing is commonly used to produce large and highly porous particles with 
increased density, which improves the wettability, sinkability and dispersibility (Fang 
et al., 2007; Sharma et al., 2012). Gaiani et al. (2007) found that agglomerated whey 
protein powder showed significantly faster reconstitution properties corresponding to 
increased particle size, whereas, for casein powder, the agglomeration slowed down 
the rehydration time, although particle size was larger. Therefore, control of surface 
composition and particle size through modifying the formulation and manufacturing 
conditions would be highly useful in improving the rehydration properties of dairy 
powders. 
1.5 Use of microscopy techniques for visualisation of the 
microstructure of dairy products 
Microscopy techniques have become powerful tools in food research, as 
microstructure studies provide more detailed and visual information to better 
interpret the data obtained using other analytical techniques. It helps to understand 
the behaviour of the components in food systems in relation to processing and storage 
(Auty, 2018). Microscopy techniques are also used as troubleshooting tools by food 
researchers and companies alike. The most common microscopy approaches used in 
food research are light microscopy, confocal laser scanning microscopy (CLSM) and 
electron microscopy. Choosing the right technique for a given sample depends on the 
physical state of the sample and the information required on the sample.  
 
 




1.5.1 Light microscopy 
Light microscopy, or optical microscopy, using visible light (400-750 nm), is widely 
used to examine the size and shape of particles (e.g. aggregates, emulsion droplets, 
powder particles) in food applications. Visualisation of food is generally carried out 
in bright field mode if there is inherent contrast in the sample. Different optical 
contrast techniques can be applied to improve the contrast and visualisation of 
samples, which have small differences in refractive index between the sample and its 
surroundings. These techniques include differential interference contrast (DIC), 
phase contrast and polarised light microscopy (PLM) (Gunning, 2013). DIC is very 
useful to study fat droplets in milk products, in addition to flocculation and phase 
separation in dairy-based emulsions (Dickinson et al., 1997; Dickinson & Davies, 
1999) as this technique provides higher edge contrast and gives the image three-
dimensional (3D) quality. Dickinson and co-workers used light microscopy, 
combined with DIC, to study the stability of NaCN-stabilised emulsions as affected 
by protein concentration (Dickinson & Golding, 1997; Dickinson et al., 1997). It was 
found that, at a protein concentration of 2.4% (w/w), depletion flocculation took 
place in 10% O/W emulsions, with the size of the largest flocs being around 10 μm 
(Fig. 1.15a). Moreover, increasing protein concentration induced the flocculation of 
emulsions leading to the formation of a continuous network, as shown in Figure 
1.15b (Dickinson & Golding, 1997).  
 
 





Figure 1.15 Light micrographs of flocculated groundnut oil-in-water emulsions 
(10% v/v oil, pH 6.8) containing (a) 2.4% w/w caseinate and (b) 3.2% w/w caseinate. 
Each bar denotes a length of 20 μm. Taken from Dickinson & Golding (1997). 
 
 




DIC light microscopy also can be used to visualise large protein aggregates (> 500 
nm). A dynamic heating and cooling program was set up using light microscopy 
fitted with a temperature-controlled sample stage to evaluate reversibility of heat-
induced β-CN association (Li et al., 2019). In this study, DIC images showed that β-
CNpure underwent self-association with increasing temperature, and visible 
aggregates appeared when the sample was heated at 55 °C for up to 4 h with 
spherical shape and particle size above 1 μm. A change in shape of β-CNpure 
aggregates during cooling was also observed using light microscopy.  
Phase contrast techniques are traditionally used to study transparent biological 
material (e.g. bacteria), and there are few applications in dairy research. For example, 
Gaiani et al. (2006) used this technique to observe the dynamic rehydration process 
of native phosphocaseinate particles over dissolution time. PLM is commonly used to 
visualise the presence of crystalline material within food matrices. Examples of use 
of PLM include crystallisation of phytosterols in whey protein-stabilised emulsions 
(Zychowski et al., 2019) and lactose crystallisation in spray-dried milk (Maher, Auty, 
Roos, Zychowski, & Fenelon, 2015).  
1.5.2 Confocal laser scanning microscopy 
CLSM is a fluorescence-imaging technique that produces optical sections within the 
focal plane by illuminating a laser over the sample labelled with fluorescent dye and 
collecting emission signals, point by point, to acquire a two-dimensional (2D) image 
by digital reconstruction. A 3D image projection can be created by stacking a large 
number of consecutive optical sections of the sample through a pre-set depth of 
analysis. Therefore, this technique allows for both internal and external 
microstructure of the sample to be visualised and to provide more information 
typically unobtainable via 2D micrographs. CLSM has an increased resolution (~200 




nm) and contrast compared to conventional light microscopy, which is attributed to 
the point illumination and a spatial pinhole. A diffraction-limited spot is employed in 
CLSM, which is detected by means of a small aperture (pinhole) placed in front of 
the photomultiplier detector (Figure 1.16), resulting in a significant reduction of out-
of-focus blur (Auty, 2018).  
 
 
Figure 1.16 Schematic of confocal laser scanning microscope. Taken from Auty 
(2018). 
 
Different lasers are provided within confocal microscopy instrumentation, for 
example, Argon and Helium/Neon (He/Ne) lasers are commonly used giving 
excitation wavelengths of 488 and 633 nm, respectively. The choice of laser light to 
be used for CLSM depends on the excitation wavelength of the fluorescent dye 
molecule, which should match the laser excitation wavelength as closely as possible. 
Additionally, there are up to five separate emission detection channels in modern 
instruments (e.g. the Leica SP5 series) that can optimally excite a wide range of 




fluorescent dyes. Therefore, simultaneous identification of primary dairy components 
(e.g. lipids, proteins and polysaccharides) in complex food matrices can be achieved 
in CLSM through multiple labelling of components with different fluorescent 
probes/dyes. CLSM has been used to observe the distribution of dairy components in 
a variety of dairy products, such as cheeses, milk chocolate, yoghurt, mayonnaise, 
model infant formula emulsions and dairy powders (Abhyankar, Mulvihill, & Auty, 
2014; Auty, Twomey, Guinee, & Mulvihill, 2001b; Auty et al., 1999; Auty, 2018; 
Ciron, Gee, Kelly, & Auty, 2010; Drapala et al., 2015; McCarthy et al., 2013a; 
Rousseau, 2016). In the study of Rousseau (2016), the distribution of different 
components in milk chocolate was visualised using CLSM combined with a dual 
labelling technique (Fig. 1.17). Furthermore, dynamic processes can be studied under 
controlled environmental conditions using CLSM fitted with appropriate sample 
stages and fast acquisition rates. Dynamic CLSM with modified hot stage was used 
to study cheese melting (Auty et al., 1999), while Abhyankar et al. (2011a) used a 
tensile stage in combination with dynamic CLSM to perform tensile testing, whereby 
microstructural changes could be studied in relation to rheological properties of 
model food gels. These analytical tools give the possibility of simulating food 
processes under the microscope. 





Figure 1.17 Confocal scanning laser micrograph of milk chocolate dual labelled 
with oil-soluble Fluorol Yellow 088 and water-soluble Rhodamine B. Image showing 
(a) fat network (yellow), (b) protein (blue), (c) autofluorescent cocoa solids (red) and 
(d) nonfluorescent sugar crystals (dark region); scale bar, 10 µm. Sourced from 
Rousseau (2016). 
 
1.5.2.1 Labelling techniques 
Labelling dairy components with fluorescent dyes can be achieved using either 
covalent or non-covalent labelling, depending on the type of interactions involved 
(Auty, 2018). Non-covalent labelling, also called generic labelling, is an approach 
where fluorescent dye molecules interact with dairy components via ionic, 
electrostatic or hydrophobic interactions. Various fluorescent probes/dyes are used to 
label milk protein, fat and carbohydrate. Nile Red is one of the relatively few 
lipophilic fluorescent dyes that stain neutral lipids (e.g. sunflower oil) via 




hydrophobic interaction (Lopez et al., 2011). Compared with Nile Red, BODIPY 
493/503 (D-3922) is more specific and has been identified as a good substitute for 
Nile Red for staining of neutral lipid droplets (Gocze & Freeman, 1994; Listenberger 
& Brown, 2007). There are several fluorescent probes available for generic labelling 
of proteins such as Rhodamine B, Fast Green FCF and Nile Blue. Abhyankar, 
Mulvihill, Fenelon, & Auty (2010) used Rhodamine B to label β-lactoglobulin for 
observation of the phase separation in β-lactoglobulin-konjac glucomannan mixtures 
under heat treatment. Li et al. (2020) also used Rhodamine B (excitation wavelength 
at 561 nm) to stain β-CN concentrate (β-CNconc) for study of the interfacial 
behaviour of β-CN as a sole emulsifier in emulsions. Generic labelling enables fat 
and protein to be rapidly and simultaneously distinguished using a single fluorescent 
probe such as Nile Blue (Brooker, 1995; Li et al., 2016; Zychowski et al., 2019) or a 
dual-labelling method (Auty et al., 2001b). Nile Red and Fast Green FCF is a typical 
combination which has been used by several researchers to label fats and proteins in 
different dairy model systems, and dual confocal illumination was carried out by 
using an Argon laser at 488 nm and a He/Ne laser at 633 nm (Abhyankar et al., 2011a; 
Abhyankar et al., 2014; Auty et al., 2001b; Buggy et al., 2016; Drapala et al., 2017; 
Maher et al., 2015).  
Compared to generic labelling, the covalent labelling technique involves a 
fluorescent probe covalently linked to the desired component prior to sample or 
product preparation. Reactive protein probes with different fluorescent properties 
such as carboxylic acid succinimidyl ester, isothiocyanate or sulphonyl halides, can 
bind to the reactive amine groups of the proteins via covalent bonds under slightly 
alkaline conditions (Li et al., 2016; van de Velde, Weinbreck, Edelman, van der 
Linden, & Tromp, 2003; Wang, Hayes, & Mauer, 2006). Covalently-labelled proteins 




or polysaccharides can be used to visualise specific protein or polysaccharide in a 
complex system in combination with generic labelling (van de Velde et al., 2003). 
Covalent labelling allows for an exact measurement of multiple components in a 
complex system without over-staining; however, the physicochemical properties of 
such components may change with pre-labelling. Abhyankar, Mulvihill, Chaurin, & 
Auty (2011b) studied the phase behaviour in a micellar casein–konjac mixture using 
CLSM with covalent labelling technique. Covalent conjugation of konjac with FITC 
led to a shift in the absorbance spectrum peak of FITC to a lower wavelength and a 
decrease in the average molecular weight distribution of konjac. Furthermore, 
covalently-labelled konjac showed reduced apparent viscosity compared to 
unlabelled konjac.  
1.5.3 Scanning electron microscopy 
Scanning electron microscopy (SEM) is one of the electron microscopy techniques 
and conventional SEM has been extensively employed to characterize the surface 
morphology of a range of powdered dairy products and ingredients, including whole 
milk powder, skim milk powder, infant milk formulae and many other dried 
ingredients derived from milk (Barone et al., 2019; Drapala et al., 2017; Kim et al., 
2002; McCarthy et al., 2013a). In SEM instruments, electron beams, rather than light, 
are used to observe the sample, resulting in a much higher resolution being obtained 
(~4 nm) than that from CLSM. Images are produced step by step by scanning a 
focused electron beam across the surface of the sample. Primary electrons interact 
with the sample and secondary electrons are scattered or emitted by the sample and 
are collected by the detectors and used to form a 3D image. Sample preparation is of 
critical importance before SEM analysis to ensure the quality of acquired images. In 
general, samples are mounted rigidly on a specimen holder or stub using carbon tape 




as a conductive adhesive, and a thin layer coating of chromium or gold is applied on 
the surface of sample under vacuum to make the sample conductive (Groves, 2013).  
In the past twenty years, a number of studies have focused on the investigation of the 
impact of composition, processing and storage conditions towards the microstructure 
of powder particles using SEM (Burgain et al., 2016; Gaiani et al., 2007; Kim et al., 
2002; McSweeney, Maidannyk, Montgomery, O'Mahony, & McCarthy, 2020; 
Onwulata, Konstance, & Tomasula, 2004). For example, McSweeney et al. (2020) 
found that low-protein MPC powders (i.e. MPC40) had higher surface indentation 
than high protein MPC powders (i.e. MPC85), which had a significantly smoother 
surface as shown in Figure 1.18. In another example of SMP compared to whole milk 
powder (WMP) (Kim et al., 2002), SEM images of SMP showed that a solid interior 
with many deep surface wrinkles was observed, while WMP had a porous structure 
with smooth surface. Further SEM analysis with WMP obtained after ethanol 
extraction showed a more dented surface compared to native WMP, indicating the 
effect of free fat on the microstructure of dairy powders.  In the study of Burgain et al. 
(2016), the change in the surface morphology of dairy powders as a function of 
storage temperature was evaluated using SEM analysis, which revealed spherical 
WPI powder particles with smooth surface and large dents when stored at 4 °C, 
whereas cracks and broken structures were observed for powders stored at 60 °C.  





Figure 1.18 Scanning electron microscopy images of milk protein concentrate (MPC) 
85 (A), MPC75 (B), MPC65 (C), MPC55 (D), and MPC40 (E) powders. Adapted 
from McSweeney et al. (2020). 
 
In some cases, combining SEM with CLSM and light microscopy techniques is used 
in food research because this can provide more valuable information to aid 
interpretation of data obtained using other analytical techniques. Both Drapala et al. 
(2017) and McCarthy et al. (2013a) used CLSM, combined with SEM, to study 
model IF powder particles. Using CLSM together with SEM allow for visualisation 
of the morphology (i.e. shape and surface) and the distribution of protein and fat. 




Furthermore, multiple microscopic techniques (PLM, CLSM and SEM) were applied 
to study the effect of phytosterol enrichment on the emulsion system (Zychowski et 
al., 2019). 
1.6 Conclusions 
There is significant knowledge available on β-CN, in terms of its composition and 
structure, production, and physicochemical characteristics. The composition of β-
CNen products would be expected to differ based on choice of technological 
approach(es) used in their manufacture, thereby affecting the physicochemical 
properties and behaviour of β-CN as an ingredient in dairy products, including IF 
products. However, little or no research has been done to explore the effects of the 
source (due to different production method used to produce β-CN) on the 
physicochemical and functional properties of β-CN such as self-association 
behaviour. The importance of β-CNen protein fractions in humanised IF has been 
well known but there is very limited information available on the use of selectively β-









Previous research has shown that the association behaviour of β-CN is strongly 
dependent on a number of factors, such as protein concentration, temperature, pH, 
calcium content and ionic strength. The composition and β-CN purity of β-CN-
enriched products can differ significantly due to their manufacturing process, which 
is expected to have an impact on the association and emulsification behaviour of β-
CN as an ingredient and in the final products. However, the influence of association 
state of β-CN within such ingredients on the overall stability and interfacial 
behaviour of β-CN-stabilised emulsions has not been elucidated. 
The main objectives of this study were: 
• To access the self-association behaviour of β-CN as influenced by temperature, 
CaCl2 addition and buffer type in three different β-CN products prepared using 
different raw materials and using different β-CN enrichment approaches 
(Chapter 2); 
• To examine the influence of self-association of β-CN, induced by both increasing 
temperature and divalent cation addition, on the formation, microstructure and 
stability of β-CN-stabilised emulsions (Chapter 3); 
• To develop a covalently labelled β-CN to facilitate the localisation of β-CN and 
whey proteins at the interface of protein-stabilised emulsions, and to investigate 
the effect of covalent labelling of β-CN on the physicochemical properties of β-
CN in solution and emulsion systems (Chapter 4); 
• To formulate and prepare β-CN-enriched model infant formulae at pilot scale 
and determine the impact of protein profile on their physicochemical and 
microstructural properties (Chapter 5). 
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The aim of this study was to investigate the aggregation behaviour of a pure β-casein 
(β-CNpure) and a β-casein concentrate (β-CNconc) as a function of temperature, 
presence of CaCl2 and buffer type (pH 6.8). The particle size distribution and 
turbidity of β-casein (β-CN) dispersions were measured by dynamic light-scattering 
(DLS) and UV/vis spectroscopy between 4 and 55 °C. Upon heating (from 4 to 
55 °C), the particle size of both β-CN samples increased, indicating self-association 
via hydrophobic interactions. It was shown that the self-association of β-CN 
increased with increasing β-CN concentration, and that β-CNpure self-associated at 
significantly lower concentration than β-CNconc. Both turbidity and particle size 
measurements showed that β-CN had similar aggregation behaviour in water and 
imidazole buffer (pH 6.8) but differed in sodium phosphate buffer (pH 6.8), 
especially at higher ionic calcium concentrations. In addition, Fourier Transform 
Infrared (FTIR) spectroscopy revealed very little change in the secondary structure of 
β-CN during heating (4 to 55 °C). The microstructure of β-CN aggregates was 
monitored during heating from 10 to 55 °C, followed by cooling to 10 °C, using 
polarised light microscopy. Spherical and heterogeneous aggregates were observed 
when heated at temperatures above 37 °C, which were reversible upon cooling. This 
study confirmed that β-CN undergoes self-association on heating that reverses upon 
cooling, with the aggregation process being highly dependent on the purity of β-CN, 
solvent type, and presence of ionic calcium. 
 
 





Caseins and whey proteins are the major proteins in mammalian milk. Bovine milk 
protein comprises ~80% casein and ~20% whey protein, whereas the protein in 
human milk contains ~40% casein and ~60% whey protein. Caseins consist of four 
different casein molecules: αs1-, αs2-, β- and κ-casein in the approximate ratio 4:1:4:1 
(Fox & McSweeney, 2003). In human milk, β-casein (β-CN) constitutes 65% of total 
casein, which is almost twice that of bovine milk (McSweeney et al., 2013). β-CN is 
the major calcium-binding protein in human milk and can efficiently transport 
inorganic calcium and phosphate to the neonate (Farrell  Jr., 1999). Furthermore, it 
has been reported that β-CN is a precursor for the production of bioactive peptides 
that have antihypertensive, opioid, or mineral-binding properties (Meisel, 1997). 
Therefore, β-CN-enriched products are much sought after in the formulation of infant 
nutritional formulae. However, infant formulae enriched with β-CN may have 
different physical and functional properties, such as heat stability, viscosity, 
emulsification and digestion. These properties are strongly affected by formulation 
(e.g. protein profile, protein content and mineral content) and processing parameters. 
The β-CN molecule is a single polypeptide chain consisting of 209 amino acids with 
a molecular weight of 24 kDa. β-CN is rich in proline and devoid of cysteine residues, 
hence there are no intra-molecular disulphide bonds. β-casein is an amphiphilic 
phosphoprotein with a highly hydrophobic region at the C-terminus and a highly 
hydrophilic negatively-charged region towards the N-terminus (Rollema, 1992), 
making it an excellent emulsifier (Dickinson et al., 1988; Parkinson & Dickinson, 
2004). In bovine β-CN, five phosphate groups are present as esters of the amino acid 
serine, with the phosphoseryl residues located within the hydrophilic domain 




(Darewicz et al., 2000; Huppertz et al., 2006); whereas human β-CN occurs in multi-
phosphorylated forms having 0-5 phosphate groups (Greenberg, Groves, & Dower, 
1984). The secondary structure of β-casein has been studied, although the exact 
structure remains elusive. For decades, β-casein was assumed to have a random coil 
structure, with little or no ordered secondary structure under physiological conditions 
(Andrews et al., 1979b; Noelken & Reibstein, 1968). Holt & Sawyer (1993) put 
forward the ‘rheomorphic’ hypothesis, which states that caseins have no fixed 
structure until aggregates are formed in response to calcium-binding by serine 
phosphate groups. Some convincing evidence has been presented to suggest that 
there are reasonable amounts of fixed structure in β-casein, such as α-helices, β-turns 
and β-sheets, probably due to the high proportion of proline residues (Farrell Jr. et al., 
2001; Qi et al., 2004).  
In aqueous solution, β-casein exists as monomers or aggregates, the size and 
morphology of which are strongly dependent on protein concentration, temperature, 
calcium content, pH and ionic strength (Dauphas et al., 2005; Moitzi et al., 2008; 
O'Connell et al., 2003). The critical micellisation concentration (CMC) is defined as 
the concentration of β-CN above which small aggregates will form. The CMC can 
vary between 0.05 and 0.2% (w/v) depending on temperature, pH and ionic strength 
(Portnaya et al., 2006). Monomers of β-CN predominate at low temperatures (< 10-
15 °C) and self-assemble via hydrophobic interactions at concentrations greater than 
the CMC when temperature increases, thereby forming aggregates with a 
hydrophobic core and a less dense hydrophilic outer layer (Dauphas et al., 2005; 
O'Connell et al., 2003). This temperature-dependent property has been used for the 
purification of β-CN from β-CN-enriched whey through membrane filtration (Atamer 
et al., 2017; O'Mahony et al., 2014).  




Dauphas et al. (2005) suggested there were four different aggregation states of β-CN 
(0.1%, w/v) based on dynamic light-scattering experiments; a molecular state at 4 °C 
(7-8 nm), a micellar state at 37 °C (20-25 nm) in the absence of calcium chloride, and 
a polymeric state at 4 °C (20-25 nm) and an aggregated state at 37 °C (˃ 1 μm) in the 
presence of calcium chloride (10 mM). Adding calcium or increasing ionic strength 
can lead to an increase in aggregate size due to the reduction of electrostatic 
repulsions, which can lead to precipitation/sedimentation under certain conditions 
(Dickinson, 2001). In addition, the self-association of β-CN is affected by various 
dispersant constituents, such as urea, Tris-HCl buffer, sodium phosphate buffer and 
ethanol (Mikheeva et al., 2003; Qi et al., 2004). Micellisation of β-CN is a reversible 
equilibrium process (Dauphas et al., 2005). Increasing temperature changes the 
equilibrium towards the micelle, by increasing the monomer density in the micelles, 
whereas increasing ionic strength shifts the equilibrium position, with only a slight 
effect on the number of monomers in the micelle (Huppertz, 2013b). 
Over the past two decades, the self-association of β-CN has been studied using a 
range of analytical approaches, including static and dynamic light-scattering 
(Dauphas et al., 2005; de Kruif & Grinberg, 2002; Ossowski et al., 2012; Panouillé, 
Durand, & Nicolai, 2005), small-angle X-ray scattering (Kajiwara et al., 1988; Moitzi 
et al., 2008), and high-sensitivity differential scanning calorimetry (Mikheeva et al., 
2003). The association and dissociation behaviour of β-casein concentrate (β-CNconc) 
produced by membrane filtration, was previously determined using dynamic light-
scattering (DLS), analytical centrifugation and turbidimetry by Crowley (2016). DLS 
is the most widely used technique for measuring particle size distribution. The use of 
automated temperature trend DLS allows the measurement to be carried out 
continuously with a temperature ramp at constant heating rate. 




The self-association of β-CN and the stability of β-CN aggregates are mainly 
attributed to a delicate balance of hydrophobic and electrostatic interactions (Evans et 
al., 1979; Horne, 1998). However, this relationship is not yet fully understood in the 
presence of calcium and phosphates. Therefore, a good understanding of the 
influence of innate and added salts (calcium and phosphates) on the self-association 
of β-CN is essential and important for fundamental research but also for the 
development of β-CN-enriched dairy products.  
The main objectives of this research were (1) to study the self-association of β-CN 
under various experimental conditions, in particular: (a) the effect of the purity 
(protein profile and mineral content) of β-CN on its self-association behaviour; (b) 
the effect of selected composition and environmental conditions (temperature, buffer 
type, calcium addition) on aggregation of β-CN as determined by particle size and 
turbidity; and (2) to visualise the microstructure and thermo-reversibility of β-CN 
aggregates in select samples using optical microscopy with a temperature-controlled 
sample stage. 
 




2.2 Materials and methods 
2.2.1 Materials 
β-CN from bovine milk (85% protein, ≥ 98% purity, lots SLBS9719 and 
SLBK9882V) and CaCl2·2H2O were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). In addition, a β-CN concentrate powder (87.1% protein, 80% β-CN purity) 
was kindly donated by the Center for Dairy Research at the University of Wisconsin-
Madison, USA. This spray-dried β-CN concentrate was produced at pilot plant scale 
using an integrated membrane filtration process based on the method of O'Mahony et 
al. (2014), with some modifications. A β-CN-enriched protein product (85.73% 
protein, 58.3% β-CN purity, Ultranor® Y044) was kindly provided by Kerry 
Ingredients (Charleville, Co. Cork, Ireland). The protein and mineral profiles for all 
β-CN products are presented in Table 2.1. To differentiate the samples, the pure β-
CN (90% purity) from Sigma-Aldrich is referred to as β-CNpure, the membrane 
filtration derived β-CN concentrate (80% purity) is referred to as β-CNconc and the 
β-CN-enriched protein product (58.3% purity) is referred to as β-CNen. 
Both β-CNpure and β-CNconc powders were dissolved, with agitation, in 10 mM 
sodium phosphate buffer or 10 mM imidazole-HCl buffer, pH 6.8 at different 
concentrations of β-CN (0.05%, 0.25%, 0.5% and 1% w/v) for a minimum of 20 h at 
4 °C. Distilled water (H2O) was used as control. Samples were incubated at 
temperatures of 4, 37 and 55 °C for 1 h in order to visually observe their thermal 
aggregation. β-CN concentrations of 0.05% and 1% were finally selected for β-
CNpure and β-CNconc, respectively, for further analysis. The effect of CaCl2 (0 and 
2.5 mM) addition on β-CN aggregation was also examined. The pH of all samples 
was adjusted to 6.8 ± 0.02 with a small amount of 1M HCl or 1M NaOH, after which 




they were filtered at 4 °C through syringe filters of pore size 0.45 μm, to remove 
large protein aggregates before measurement. The aggregation behaviour of β-CN 
was studied at a range of temperatures from 4 to 55 °C, and samples were incubated 
at each temperature for 20 min, unless otherwise indicated. All other reagents were 
purchased from Sigma-Aldrich, unless otherwise specified. 
2.2.2 Characterisation of β-CN products  
Characterisation of β-CN products was carried out by measuring mineral content 
using inductively coupled plasma mass spectrometry (ICP-MS) and examining 
protein profile using SDS-PAGE. The SDS-PAGE was performed as described by 
Yong & Foegeding (2008) using precast NuPAGE 12% Bis-Tris gels (1.0 mm × 10 
well) (Novex® by Life Technologies™, Carlsbad, CA, USA). Samples were 
dissolved in NuPAGE lithium dodecyl sulphate (LDS) sample buffer with NuPAGE 
sample reducing agent to achieve a final protein concentration of 0.5 mg/ml, and 10 
μl of the mixture was loaded in each well. Skim milk was used as standard. Gels were 
stained and destained using the method described by Li et al. (2016, Chapter 4).  
2.2.3 Reversed-phase high pressure liquid chromatography (RP-
HPLC) 
Protein profile of β-CN samples was also quantified using RP-HPLC (Agilent 1200 
series, Agilent Technologies, Santa Clara, CA, USA) as described by McCarthy et al. 
(2013b) with an Agilent 300 SB-C18 Poroshell column (Agilent Technologies). The 
column temperature was 35 °C and peak was detected at 214 nm using UV/vis 
detectors. β-CN samples were prepared by dilution in 7 M urea/20 mM bis–tris 
propane buffer, pH 7.5 to obtain a final protein concentration of 2 mg/ml. The sample 
buffer had β-mercaptoethanol (5 μl/ml buffer) added immediately prior to use. 
Running buffer A contained 10% acetonitrile and 0.1% trifluoroacetic acid (TFA) in 




Milli-Q® water. Running buffer B contained 90% acetonitrile, 10% Milli-Q® water, 
and 0.09% TFA. The analysis was performed using a linear gradient of Buffer B, 
from 26 to 100% in 26 min and the flow rate was 0.5 ml/min. Individual proteins 
were calculated as percentage (w/w) of total protein by integrating the peak area of 
the chromatograms.  
2.2.4 Turbidity measurement  
The turbidity of β-casein dispersions (0.05% β-CNpure and 1% β-CNconc) 
reconstituted in three different buffers, with and without CaCl2, was expressed as the 
optical density (OD) at 600 nm using a Cary 100 Bio UV-visible Spectrophotometer 
(Varian Inc., Palo Alto, California, USA), which was equipped with a temperature 
control system. Samples were held at 4 °C before transfer to the spectrophotometer 
and heated in the chamber at 13 temperature points between 4 and 55 °C. 
Measurements were taken in triplicate and this experiment was repeated three times.  
2.2.5 Dynamic light-scattering  
The effect of temperature on particle size of β-CN dispersions was recorded using 
DLS with a Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, Worcestershire, 
UK), equipped with a temperature controlled cell holder. The instrument was flushed 
with dry air for measurement below 12 °C to avoid condensation, according to the 
instructions from Malvern. Samples were held at 4 °C and further filtered through a 
0.22 μm filter before transfer to the thermo-equilibrated zetasizer. Temperature was 
increased stepwise from 4 to 55 °C with a temperature interval of 3 °C and an 
equilibration time of 20 min. Measurements were taken six times at each temperature. 
Data collection and analyses were performed using the Nano software (version 7.01; 
Malvern Instruments), with a refractive index value of 1.33 for water. The 




temperature-dependence of the solvent viscosity was taken into account for the size 
calculations.   
2.2.6 Fourier Transform Infrared Spectroscopy  
Fourier transform infrared spectroscopy (FTIR) measurements were carried out using 
a Bruker Tensor 27 instrument (Brucker Optik, GmBH, Germany), equipped with a 
thermally controlled BioATR II cell. Spectra were obtained using an average of 128 
sample scans and 128 background scans at 4 cm-1 resolution. Samples were filtered 
through 0.22 μm syringe filters before each measurement at 4, 16, 25, 37, 49 and 
55 °C, using fresh dispersions at each temperature. Background readings were taken 
against distilled water at each measurement temperature. Data analysis was 
performed as previously described (Kehoe, Remondetto, Subirade, Morris, & 
Brodkorb, 2008). 
2.2.7 Microstructure of β-CN aggregates 
The microstructure of β-CN aggregates was assessed using an Olympus BX51 light 
microscope fitted with differential interference contrast (DIC) filters (Olympus 
Optical Co. Ltd., Tokyo, Japan). The β-CN sample (10 μl) was deposited on a 
microscopy slide after which a coverslip was placed on the sample, before 
observation with a 60X, 1.4NA oil immersion objective. The sample slide was placed 
on a temperature-controlled microscope stage, which was controlled by Linksys 32 
Software (PE94, Linkam Scientific, UK). Observations were performed during 
heating (10-55 °C), holding for at least 20 min and cooling (55-10 °C) cycles 
(heating and cooling rates were 3-6 °C /min) to evaluate reversibility of β-CN 
aggregation. Images were acquired using a ProgRes camera system (JENOPTIK I 
Optical Systems, Jena, Germany) in a DIC mode as such a mode highlights phase 




boundaries of normally transparent objects and facilitates visualization of the shape 
and dimension of β-CN aggregates. 
2.2.8 Statistical analysis 
The preparation of solutions and subsequent analyses were carried out in independent 
triplicate trials. One-way analysis of variance (ANOVA), followed by Fisher’s test, 
was carried out using the Minitab 15 (Minitab Ltd, Coventry, UK, 2007) statistical 
analysis package. Differences were stated significant at p-value < 0.05.  
 




2.3 Results and discussion 
2.3.1 Compositional properties of β-CN products 
The protein profile and mineral composition of β-CN samples were analysed using 
RP-HPLC and ICP-MS, respectively, and the results are shown in Table 2.1. It is 
worth noting that the overall mineral levels in β-CNpure were substantially lower 
than those of β-CNconc, with the exception of sodium. Most notably, Ca content was 
approximately two orders of magnitude higher in β-CNconc compared to that in β-
CNpure. RP-HPLC profile of β-CN samples are shown in Figure 2.1A and B, 
respectively. It was calculated that β-CNpure contained 90% β-CN and 5.5% κ-CN, 
and trace levels of α-CN and β-lactoglobulin. In contrast, β-CNconc had 80% β-CN, 
3.9% other caseins and 16% whey proteins, which is consistent with the results of 
Crowley (2016). The presence of whey proteins may affect the association behaviour 
of β-CN during heating. Reducing SDS-PAGE analysis (Fig. 2.1C) showed well-
resolved band patterns of β-CNs and other proteins (lanes 2 and 3). Moreover, a 
small amount of high molecular weight (MW) whey proteins (possibly lactoferrin 
and bovine serum albumin) were detected in β-CNconc sample (lane 3) by SDS-
PAGE.  




Table 2.1 Compositional data of β-CN products 
 β-CNpure
1 β-CNconc β-CNen 
Protein content (%, w/w of powder) 85 87.1 85.7 
    
Protein purity 2 (%, w/w of total protein)    
Total casein  96.6 83.9 100 
    αs-casein  1.1 1.2 37.4 
    β-casein  90 80 58.3 
    κ-casein  5.5 2.7 4.3 
Total whey protein  3.4 16.1 - 
    α-lactalbumin  - 1.4 - 
    β-lactoglobulin  3.4 14.7 - 
    
Mineral profile 3 (mg/100g)      
    Na 132.8±1.0 92.3±3.8 2092±52 
    Mg 0.90±0.02 98±6 5.4±0.5 
    P 524±0.5 531.3±16.9 568.5±82.5 
    K 10.6±0.1 415±17 4.5±1.3 
    Ca 8.1±0.6 688±20 686±81.6 
1 One lot of commercial β-CNpure (lot SLBS9719, C6905, Sigma-Aldrich) was used 
for protein and mineral analysis. 
2 Individual proteins were characterised using RP-HPLC. ‘-’ means not detectable. 






















































































Figure 2.1 Reversed-phase high-performance liquid chromatography profiles of 
proteins in (A) β-CNpure and (B) β-CNconc; (C) Reducing SDS-PAGE 
electrophoretograms of skim milk as a standard (lane 1), β-CNpure (0.05%, w/v of 
total protein, lane 2), and β-CNconc (0.05%, w/v of total protein, lane 3); Lane M 
shows the molecular weight markers. 
 
2.3.2 Effect of purity and concentration on the thermal aggregation 
of β-CN   
The visual appearance of dispersions at four β-CN concentrations (0.05, 0.25, 0.5 and 
1% w/v), prepared with β-CNpure or β-CNconc in 10 mM sodium phosphate buffer 
(pH 6.8) and at 4, 37 and 55 °C are presented in Figure 2.2. It was observed that the 
turbidity of β-CNpure dispersions increased with the temperature, indicating self-
association upon heating at temperatures greater than 37 °C. In addition, the turbidity 
of β-CNpure dispersions increased with increasing concentration at each temperature. 
However, only at concentrations higher than 0.5% (w/v), visible self-association 
could be observed for β-CNconc samples above 37 °C. This concentration-dependent 
heat-induced association behaviour of β-CN is in agreement with the findings of 




previous studies where a minimum concentration of β-CN was required for self-
association (Dauphas et al., 2005; O'Connell et al., 2003).  
Compared to β-CNpure, β-CNconc in solutions displayed some obvious differences 
in visual appearance under the same experimental conditions. For instance, 1% β-
CNconc was a clear solution at 4°C, whereas β-CNpure in solution had a very turbid, 
opaque appearance. These results illustrate that β-CNpure self-associates at lower β-
CN concentration than β-CNconc, possibly due to the effect of the other proteins 
and/or minerals. In further experiments, the thermal aggregation of 0.05% β-CNpure 
and 1% β-CNconc were studied as they were the most suitable concentrations 
required to observe the self-assembly of β-CN from a monomeric state to an 
aggregated stated. 
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Figure 2.2 Visual appearance of β-CNpure and β-CNconc in 10 mM sodium 
phosphate buffer, pH 6.8 at different β-CN concentrations (0.05%-1%) and 
temperatures (4, 37 and 55 °C).  




2.3.3 Effect of buffer type and CaCl2 addition on the turbidity and 
particle size of 0.05% β-CNpure  
Solution turbidity measurement provided a macroscopic overview of the aggregation 
of β-CN as influenced by concentration, temperature and choice of ingredient. The 
size of aggregates is one of the most important factors affecting turbidity of 
aggregated protein. Changes in turbidity and particle size of 0.05% β-CNpure 
dispersions during a temperature ramp (4 to 55 °C), in different buffers containing 
CaCl2 at varying concentration are presented in Figures 2.3 and 2.4, respectively. It is 
shown that in the absence of added CaCl2, no significant difference in turbidity (p > 
0.05) was observed at temperatures between 4 and 22 °C, irrespective of buffer type. 
When the temperature was increased to greater than 25 °C, the turbidity of all β-
CNpure dispersions increased (Fig. 2.3A). This turbidity development correlated well 
with the size measurement (Fig. 2.4A), which showed that β-CNpure dispersions 
mainly contain particles with volume mean particle size of ~8 nm at low 
temperatures (4 to 10 °C), indicative of the monomeric form of β-CN (Faizullin et al., 
2017; O'Connell et al., 2003). Particle size increased with temperature, most likely 
due to aggregation.  
 
















































Figure 2.3 Temperature-dependent changes in turbidity of 0.05% β-CNpure in the 
absence (A) or presence of 2.5 mM CaCl2 (B), at pH 6.8 in different diluting buffers: 
water (○), 10 mM sodium phosphate buffer (X) and 10 mM imidazole buffer (△). 












Figure 2.4 Temperature-dependent changes in the z-average particle size of 0.05% 
β-CNpure in the absence (A) or presence of 2.5 mM CaCl2 (B), at pH 6.8 in different 
diluting buffers: water (○), 10 mM sodium phosphate buffer (X) and 10 mM 












The addition of 2.5 mM CaCl2 caused an increase in particle size of β-CNpure 
dispersions at temperatures from 4 to 16 °C (Fig. 2.4B). At 4 °C, a mixture of 10 mM 
sodium phosphate buffer and 2.5 mM CaCl2 precipitated as calcium phosphate, 
whereas no precipitation occurred when β-CNpure was present. Crowley (2016) also 
reported that β-CNconc can prevent calcium phosphate precipitation in simulated 
milk ultrafiltrate (SMUF) at 37 or 63 °C. It was suggested that ionic calcium induces 
β-CN aggregation via divalent bridges between serine phosphate groups, thereby 
preventing calcium phosphate precipitation (Kakalis, Kumosinski, & Farrell, 1990).  
At temperatures greater than 37 °C (Fig. 2.4B), the particle sizes of both β-
CNpure/H2O and β-CNpure/imidazole samples with added CaCl2 displayed a sharp 
increase and the sizes were over 1 μm at 50 °C. This was in agreement with the 
finding by Dauphas et al. (2005) who reported large β-CN aggregates with a diameter 
of greater than 1 μm at 50 °C and after addition of 10 mM CaCl2. It was suggested 
that the affinity of β-CN to Ca2+ increases with temperature (Horne & Lucey, 2014). 
However, under the same circumstances, the size of β-CNpure/sodium phosphate 
dispersion did not change significantly with the addition of CaCl2 (Fig. 2.4B). The 
authors assume that a competition between inorganic phosphates and organic 
phosphoserine groups of β-CN reacting with Ca2+ may affect the bridging effect of 
ionic calcium. The turbidity results of β-CNpure dispersions with added Ca2+ showed 
similar trends in the DLS results (Fig. 2.3B). 
2.3.4 Effect of buffer type and CaCl2 addition on the turbidity and 
particle size of 1% β-CNconc  
The turbidity results of 1% β-CNconc samples were in good agreement with the DLS 
measurement (Fig. 2.5 and 2.6). The monomeric form of β-CN was also detected at 
4 °C in the absence of CaCl2 (Fig. 2.6A). Interestingly, heating only caused a slow 




and slight increase in both size and turbidity in the temperature range 4 to 49 °C, 
irrespective of buffer type (Fig. 2.5A and 2.6A). At temperature greater than 49 °C, a 
significant increase in turbidity and size for β-CNconc/imidazole and β-CNconc/H2O 
samples were observed whereas β-CNconc/sodium phosphate samples changed very 
little with increasing temperature. These results displayed similar trends to those of β-
CNpure dispersions in the presence of Ca2+ (Fig. 2.3B and 2.4B). Calculated Ca and 
P contents of 0.05% β-CNpure dispersion were 1 μM Ca and 100 μM P, while 1% β-
CNconc dispersion contained 2.5 mM Ca and 2.5 mM P. Therefore in phosphate 
buffer, 0.05% β-CNpure with added 2.5 mM Ca and 1% β-CNconc without added Ca 
have a very similar total calcium and phosphorus content, hence they showed very 
similar aggregation behaviour. Adding 2.5 mM CaCl2 to β-CNconc resulted in a 
marked increase in both turbidity and size for β-CNconc/imidazole and β-
CNconc/H2O dispersions at all temperatures (p < 0.05) (Fig. 2.5B and 2.6B). At 
temperatures greater than 31 °C, the particle size increased significantly with 
increasing temperature and turbidity remained unchanged at values of 3.5 due to the 
detection limit of the instrument (Fig. 2.5B). Visible precipitation was observed for 
β-CNconc/sodium phosphate sample at 4 °C. It is assumed that the precipitation was 
due mainly to the co-precipitated calcium phosphate and casein (Guo, Campbell, 
Chen, Lenhoff, & Velev, 2003).   


















































Figure 2.5 Temperature-dependent changes in turbidity of 1% β-CNconc in the 
absence (A) or presence of 2.5 mM CaCl2 (B), at pH 6.8 in different diluting buffers: 
water (○), 10 mM sodium phosphate buffer (X) and 10 mM imidazole buffer (△). 












Figure 2.6 Temperature-dependent changes in the z-average particle size of 1% β-
CNconc in the absence (A) or presence of 2.5 mM CaCl2 (B), at pH 6.8 in different 
diluting buffers: water (○), 10 mM sodium phosphate buffer (X) and 10 mM 












In the current study, the self-association of β-CN was strongly influenced by the 
amounts of innate and added Ca and P. According to the results above, a hypothesis 
of thermal-induced association of β-CN in the presence of Ca and P was proposed 
and is shown in Figure 2.7.  
In this model, β-CN was in monomeric state at low temperatures (~4 °C) and formed 
aggregates driven by hydrophobic interaction when temperature increased. Addition 
of Ca induces the association of β-CN, ultimately leading to formation of β-CN 
aggregates via a calcium bridging effect (Dauphas et al., 2005). However, the 
calcium-induced association of β-CN may be inhibited depending on the Ca:P ratio 
(Ca:P ~ 1:4 or 1:5 in this study), possibly due to a competition between inorganic 
phosphorus (i.e. phosphates) and organic phosphorus (i.e. phosphoserine groups) of 
β-CN reacting with Ca, which results in electrostatic interactions overcoming the 
hydrophobic interactions and affecting the monomer-polymer equilibrium (Andrews 
et al., 1979a). Excess calcium may lead to precipitation due to the formation of 
calcium phosphate microcrystals in the presence of phosphates (Guo et al., 2003). 




A competition between phosphates and 
phosphoserine residues reacting with Ca2+
Aggregate size is limited due to the 



















Figure 2.7 A schematic diagram of thermal aggregation of β-casein in the presence of Ca and phosphates 




2.3.5 Secondary structure of β-CN during thermal aggregation 
The amide I band in FTIR spectra was used to study changes in the secondary 
structure of proteins, as it represents a C=O stretch frequency which is sensitive to its 
folding environment (Farrell Jr. et al., 2001; Kehoe et al., 2008). Figure 2.8A showed 
changes in the amide I region of the FTIR spectra of β-CNpure at 0.05% prepared in 
H2O as a function of temperature. The spectra showed that there was little structural 
change upon heating (4 to 55 °C), with the maximum absorbance shifting from 1660 
and 1650 cm-1. This is similar to the results of Farrell Jr. et al. (2001) who found a 
red shift in circular dichroism with temperature. 
The subtraction of the sample spectrum at 4 °C from that of samples at ≥ 16 °C (Fig. 
2.8B) showed an increase in intensity at 1637 cm-1 with increasing temperature. This 
band has been assigned to the intramolecular β-sheet (Tanaka, Morishima, Akagi, 
Hashikawa, & Nukina, 2001), suggesting an ordered structure in a monomeric state 
of β-CN (at 4 and 16 °C). It was also noteworthy that aggregation was not via inter-
molecular β-sheet (expected around 1620 cm-1) as observed for most other structured 
dairy proteins (Kehoe et al., 2008; Lefèvre & Subirade, 2003). 


































































































































Figure 2.8 FTIR spectra: vector-normalized amide I bands of 0.05% β-CNpure (A) 
in water at increasing temperatures from 4 to 55 °C and FTIR spectra with the 
spectrum of the sample at 4 °C subtracted (B); and vector-normalized amide I bands 
of 1% β-CNconc (C) in water at increasing temperatures from 4 to 55 °C and FTIR 
spectra with the spectrum of the sample at 4 °C subtracted (D). The arrow and 










Hence, the question was whether changes in the secondary structure precede 
aggregation or if the alternative sequence prevails. During heating, β-CNpure showed 
changes in the band around 1637 cm-1 at temperature as low as 16 °C, with the extent 
of such changes increasing with at higher temperatures. However, the particle sizes 
shown in Fig. 2.5A, at equivalent conditions, only showed changes above 25 °C. This 
suggests that changes in the secondary structure (increase in intramolecular β-sheets) 
appeared first, which could induce aggregation of β-CN, rather than the other way 
around. However, given the small amplitude of changes in the absorption, these 
conclusions need to be treated with caution. In addition, the above observation could 
only be made for the higher purity β-CN (β-CNpure) and not for β-CNconc, as 
discussed. Very little change in the secondary structure was shown in 1% β-
CNcon/H2O sample between 4 and 55 °C (Fig. 2.8), although β-CN self-associated 
above 49 °C (Fig. 2.6A). This suggests that the self-association of β-CNconc did not 
cause any significant conformational change in β-CN, which is also consistent with 
the results of Farrell Jr. et al. (2001).  
It was therefore concluded that the self-association of β-CN had little or no effect on 
the conformational change of β-CN and vice versa. Addition of 2.5 mM CaCl2 to the 
protein solutions did not alter their spectra for both β-CNpure and β-CNconc (results 
not shown). 
2.3.6  Microstructure of aggregates 
The association and dissociation of β-CN were characterised using light microscopy 
with a temperature-controlled sample stage. Samples of β-CNpure/H2O, β-
CNpure/imidazole, β-CNconc/H2O and β-CNconc/imidazole in the presence of CaCl2 
were selected for microscopy analysis because the particle size measurement showed 
that they were large enough (> 500 nm) at high temperatures for visualisation. 




Visible aggregates appeared at 37 °C after 20 min in 1% β-CNconc dispersions, 
which confirms that self-association had occurred. However, no particles were 
observed by light microscopy in 0.05% β-CNpure samples after incubation at 55 °C 
for 4 h due to the low protein concentration Therefore, 1% β-CNpure were used to 
monitor the microstructure of β-CNpure aggregates. 
Figure 2.9 (A-H) showed DIC images of temperature-dependent 1% β-
CNpure/imidazole dispersion as a function of temperature and time in the presence of 
2.5 mM CaCl2. No particles were visualized at temperatures of 10, 25 and 37 °C (Fig. 
2.9A, B and C), due to the resolution limit of the microscope. Aggregates were 
observed at 55 °C after 20 min (Fig. 2.9D) and the particles looked spherical and 
seem to be uniform in size, which indicates that self-association had taken place. 
When the sample was heated at 55 °C for up to 4 h, particle size increased (>1 μm), 
with a rounded shape (Fig. 2.9E).  
Interestingly, the shape of β-CNpure aggregates changed when the sample was 
cooled down to 37 °C (Fig. 2.9E and F). In previous studies, β-CN aggregates 
changed from an oblate ellipsoid to spheroid with increasing temperature was 
reported by Kajiwara et al. (1988). Small and oblate micelles (Portnaya et al., 2006) 
or flat disk-like micelles (Moitzi, Portnaya, Glatter, Ramon, & Danino, 2008) have 
also been observed using cryogenic transmission electron microscopy. In Figure 2.9G, 
when temperature was cooled to 25 °C, very few β-CN aggregates were visible (Fig. 
2.9G), and they completely disappeared at 10 °C after 20 min (Fig. 2.9H), suggesting 
that thermal aggregation of β-CN for the select samples was reversible, but that the 
rate of dissociation was slower than that of association although the heating and 
cooling rate are the same.  
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Figure 2.9 Micrographs of 1% β-CNpure in presence of 2.5 mM CaCl2 during heating (10 to 55 °C, top row panel A to D), followed by 
cooling (55 to 10 °C, bottom row panel E to H) obtained by light microscope in DIC mode. The black line represents the temperature vs. 
time curve for the whole measurement. Black arrows indicate the time point at which the images were taken. Before cooling, sample was 
incubated at 55 °C for 4 h. (F) inset shows oblate spheroid shaped β-CN aggregates. Scale bar: 20 μm. 
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Figure 2.10 Micrographs of 1% β-CNconc in presence of 2.5 mM CaCl2 during heating (10 to 55 °C, top row panel A to D), followed by 
cooling (55 to 10 °C, bottom row panel E to H) obtained by light microscope in DIC mode. The black line represents the temperature vs. 
time curve for the whole measurement. Black arrows indicate the time point at which the images were taken. Before cooling, sample was 
incubated at 55 °C for 4 h. (E) inset shows non-spherical shaped aggregates. Scale bar: 20 μm.  
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Compared with 1% β-CNpure/imidazole, 1% β-CNconc/imidazole dispersion with 
2.5 mM CaCl2 showed very similar self-association and dissociation behaviour 
during heating followed by cooling (Fig. 2.10A-H). However, it was found that 1% 
β-CNconc/imidazole dispersion formed larger aggregates than β-CNpure under the 
same conditions (Fig. 2.10C-F). Increasing heating time led to an increase in particle 
size and a few irregularly shaped aggregates were produced (Fig. 2.10E, white arrow). 
Slight changes in shape during heating or cooling were probably due to the 
association or dissociation of β-CN. 
2.4 Conclusion 
This study demonstrates that both β-CN products showed self-association at elevated 
temperature. Different aggregation behaviours were observed, depending on β-CN 
purity, protein concentration, buffer type and CaCl2 addition. Generally, adding 
CaCl2 promoted thermal aggregation of β-CN and led to larger aggregates (> 500 nm), 
which were visible using light microscopy. However, in the presence of a certain 
amount of phosphate and calcium (Ca:P ~ 1:4 or 1:5 in this study), the aggregation 
was inhibited even at high temperatures (55 °C). The new findings of this work are of 
relevance to end-users of β-casein-enriched products in controlling aggregation of β-
CN by changing the ratio of calcium:phosphate, temperature and selection of 
ingredients, to optimise the quality and functionality of β-CN-enriched dairy products. 





Some additional work did not appear in the published manuscript Li et al. (2019, 
Chapter 2), and is therefore included in this thesis. 
The objective of this work was to evaluate the self-association of the β-CNen as a 
function of β-CN concentration, temperature and 10 mM CaCl2 addition. 
Materials and methods 
β-CNen powders were dissolved, with agitation, in distilled water, 10mM sodium 
phosphate buffer or 10 mM imidazole-HCl buffer, pH 6.8 at different concentrations 
of β-CN (0.05, 0.25, 0.5 and 1% w/v) for a minimum of 20 h at 4 °C. Samples were 
incubated at temperatures of 4, 37 and 55 °C for 1 h in order to visualise their thermal 
aggregation. A β-CN concentration of 0.25% was selected for further analysis. The 
turbidity of β-CNen dispersions was measured using a laboratory turbidimeter 
(Hach®, model 2100N, USA).  
Results and discussion 
A. Effect of concentration on the thermal aggregation of β-CNen 
Figure 2.11 shows the visual appearance of β-CN dispersions at four concentrations 
(0.05, 0.25, 0.5 and 1% w/v), prepared with β-CNpure, β-CNconc or β-CNen in 10 
mM sodium phosphate buffer (pH 6.8) and at 4, 37 and 55 °C. As a comparison with 
β-CNpure and β-CNconc, the β-CNen product in solutions displayed obvious 
differences in appearance under the same experimental conditions. The appearance of 
β-CNpure and β-CNconc dispersions has been discussed in Section 2.3.2. The 
turbidity analysis of β-CNen dispersions showed that the turbidity significantly 




increased with increasing concentration (Table 2.2), which correlates well with the 
visual appearance of β-CNen dispersions as shown in Figure 2.11. 
 
β-CNpure













Figure 2.11 Visual appearance of β-CNpure, β-CNconc and β-CNen in 10 mM 
sodium phosphate buffer (pH 6.8) at different β-CN concentrations (0.05%–1%) and 
temperatures (4, 37 and 55 °C). Images of β-CNpure and β-CNconc were also shown 
in Figure 2.2. 




However, β-CNen did not show much difference in turbidity with increasing 
temperature at each concentration (Fig. 2.11 and Table 2.2), regardless of buffer type. 
This result suggests that β-CNen only displayed some temperature-dependent 
association behaviour compared with β-CNpure and β-CNconc.  
B. Effect of CaCl2 addition on the turbidity of 0.25% β-CNen dispersions 
Addition of 10 mM CaCl2 significantly increased the turbidity of 0.25% (w/v) β-
CNen dispersions at 4 °C, especially in 10 mM sodium phosphate buffer (Fig. 2.12 
and Table 2.2), which was attributed to the reaction of β-CN and Ca2+ via divalent 
bridges between serine phosphate groups (Kakalis et al., 1990). It is worth noting that 
increasing temperature to 37 °C increased the turbidity of all β-CNen dispersions in 
the presence of 10 mM CaCl2 (Table 2.2), possibly because the affinity of β-CN to 
Ca2+ increases with temperature (Horne & Lucey, 2014), rather than being due to 
temperature-induced association. All these results illustrate that the self-association 
of β-CNen is sensitive to ionic strength, but less so to temperature, and this might be 
due to the presence of a large amount of αs-CN (37.4% of total protein) in β-CNen, 
which exhibits consecutive association, strongly dependent on ionic strength, but less 
so on temperature (O'Connell et al., 2003). 
Due to the time constraints, only a limited amount of results were obtained on the 
self-association of β-CNen product, and future work on measurements of particle size 
and surface charge of β-CNen should be carried out in the temperature range 4-55 °C 
in order to have a complete set of data. 




Table 2.2 Turbidity of β-CNen dispersions prepared in distilled water, 10 mM 
sodium phosphate buffer (NaH2PO4) or 10 mM imidazole buffer (pH 6.8), at different 
β-CN concentrations (0.05 and 0.25%) and temperatures (4 and 37 °C), with and 
without CaCl2 addition. 
β-CN concentration Dispersions Turbidity (NTU) 
  4 °C 37 °C 
0.05% β-CNen/H2O 9.64 12.1 
β-CNen/NaH2PO4 9.64 11.6 
β-CNen/imidazole 9.25 12.2 
0.25% β-Cnen/H2O 46.4 59.5 
β-CNen/NaH2PO4 46.1 58.6 
β-CNen/imidazole 45.7 60.8 
0.25%  
with addition of  
10 mM CaCl2 
β-Cnen/H2O/Ca 190 4388 
β-CNen/NaH2PO4/Ca 958 2964 








Figure 2.12 Appearance of 0.25% β-CNen at 4 and 37 °C in distilled water, 10 mM 
sodium phosphate buffer or 10 mM imidazole buffer, pH 6.8 in the absence (left) or 
presence of 10 mM CaCl2 (right). 
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The objective of this study was to assess the influence of self-association of β-CN 
induced by both increasing temperature (5-55 °C) and divalent cation addition (Ca2+ 
or Mg2+) on the properties of β-CN-stabilised emulsions. The particle size of 0.5% 
(w/w) β-CN in 10 mM imidazole/HCl buffer (pH 6.8) was determined as a function 
of temperature and addition of divalent cations. Addition of CaCl2 caused a greater 
increase in protein particle size than MgCl2. Oil-in-water emulsions stabilised with 
0.5% (w/w) β-CN, β-CN with added CaCl2 or MgCl2 (β-CN/Ca and β-CN/Mg, 
respectively) were also investigated as a function of temperature using light 
scattering, analytical centrifugation, rheology and CLSM. Emulsions prepared with 
β-CN/Ca flocculated after incubation at 55 °C for 20 min and displayed significantly 
different physical properties (p < 0.05) compared to emulsions stabilised with β-CN 
or β-CN/Mg in the temperature range 5-55 °C. Based on CLSM analysis and analysis 
of the protein load, this flocculation was attributed to the interaction of adsorbed β-
CN between droplets and the interaction of adsorbed and non-adsorbed β-CN 
aggregates in the aqueous phase via calcium bridges. Furthermore, the flocculation of 
β-CN/Ca emulsions was reversible upon cooling, which is similar to that of β-CN/Ca 
in solution. In conclusion, the temperature-dependent behaviour of β-CN-stabilised 
emulsions correlated to the temperature-induced aggregation of β-CN, particularly in 
the presence of Ca2+. Hence, the stability of β-CN-stabilised emulsions can be 
predicted from the extent of β-CN aggregation in aqueous solution (i.e. aggregate 
size). 
 





Caseins (CNs), as the principal protein constituents (80%) of bovine milk, exist as 
large colloidal particles called casein micelles (Beau, 1921). These micelles are 
spherical particles with a size range of 50-600 nm and consist of four different casein 
molecules: αs1-, αs2-, β- and κ-casein in the ratio 4:1:4:1. Colloidal calcium phosphate 
(CCP) acts as a cross-linker for clusters of casein molecules to form casein micelles. 
Casein has been used as a traditional food ingredient for many years, and also as an 
emulsifier or stabiliser in food processing applications. One of the most common 
forms of casein is NaCN and previous studies have shown that the physicochemical 
and emulsifying properties of NaCN are closer to that of β-CN than αs1-CN 
(Dickinson, Semenova, & Antipova, 1998).  
β-CN is one of the most abundant caseins in milk and its amount varies from species 
to species. In bovine milk, both αs1- and β-casein are the most abundant caseins, 
whereas β-CN is the predominant one in human milk (Atamer et al., 2017; 
McSweeney et al., 2013), making β-CN-enriched products of interest for humanising 
the casein fraction of next-generation infant formulae (Crowley et al., 2019; 
McCarthy et al., 2013b). β-CN is a single polypeptide chain consisting of 209 amino 
acids (AA). The molecule has a flexible linear disordered secondary structure with no 
intramolecular crosslinks, and is an amphiphilic phosphoprotein with a highly 
hydrophilic negatively-charged region towards the N-terminus (first 50 AA) and a 
highly hydrophobic region at the C-terminus (the remaining 159 AA) (Rollema, 1992; 
Velev et al., 1998). This well-defined amphiphilic structure confers excellent 
emulsification properties on β-CN in formulated food emulsion systems (Casanova & 
Dickinson, 1998b; Dickinson & Parkinson, 2004; Li et al., 2016; Parkinson & 




Dickinson, 2004). It has been reported that β-CN, compared with other caseins, is 
more rapidly adsorbed at the oil-water interface and is more effective in reducing the 
interfacial tension of emulsion-based systems (Dickinson, 1989a). Bovine β-CN 
contains 5 phosphoserine residues in the hydrophilic region, which gives a high net 
negative charge at the natural pH of milk (Dickinson, 1997). The presence of 
phosphoserine residues in the structure of β-CN provides the thickness and steric-
stabilizing properties of the adsorbed layer surrounding oil droplets. This is 
significant in the use of casein ingredients/fractions in formulation of emulsion 
systems as it has been proposed that the physical instability of emulsions including 
creaming, flocculation and coalescence is mainly attributed to the electrostatic and 
steric destabilisation mechanisms (Dickinson & Davies, 1999; Drapala, Mulvihill, & 
O’Mahony, 2018; McClements, 1999).  
β-CN molecules tend to self-associate in solution due to the large proportion of 
hydrophobic amino acids. It has been established that the monomeric state of β-CN 
predominates at low temperatures (< 10-15 °C) and the molecules self-associate via 
hydrophobic interaction at concentrations greater than the critical micelle 
concentration (CMC) with increasing temperature, ultimately forming approximately 
spherical aggregates with a hydrophobic core and a less dense hydrophilic outer layer 
(Dauphas et al., 2005; Leclerc & Calmettes, 1997; O'Connell et al., 2003). Due to the 
high charge density in the hydrophilic region, bovine β-CN has a strong binding 
capacity for divalent metal ions and ionic calcium (Ca2+) in particular (Velev et al., 
1998). A number of previous studies have reported that the addition of CaCl2 induces 
thermal aggregation of β-CN and leads to larger aggregates via divalent bridges 
between serine phosphate groups (Dauphas et al., 2005; Li et al., 2019).  




Calcium and magnesium, as the major divalent cations in both bovine and human 
milk, play an important role in many biochemical processes (Hunt & Nielsen, 2009; 
Liang, Chen, Li, & Dimler, 2018; Velev et al., 1998). The binding of divalent cations 
(Ca2+, Mg2+, Zn2+, Mn2+, Cu2+) to caseins has been the subject of extensive studies 
(Baumy & Brule, 1988; Cuomo, Ceglie, & Lopez, 2011; Lopez, Cuomo, Nostro, & 
Ceglie, 2013; Parker & Dalgleish, 1981; Zidane et al., 2012), while the exploitation 
of these learnings in the fortification of calcium and magnesium in dairy-based 
nutritional beverages is much needed by dairy scientists, ingredient manufacturers 
and formulators. However, to the authors’ knowledge, there are no published studies 
specifically focusing on the influence of magnesium salts on the thermal self-
association of β-CN. 
The self-association of β-CN leads to multiple physical changes of β-CN, including 
particle size, zeta potential and surface hydrophobicity. It could be expected that 
these changes strongly influence the emulsifying properties of β-CN and 
physicochemical properties of β-CN-stabilised emulsions. The stability of casein-
based emulsions has been extensively studied (Dickinson & Golding, 1997; 
Dickinson et al., 1997; McClements, 2004). Flocculation, as a typical unstable 
phenomenon in protein-stabilised emulsions, can be either due to depletion or 
bridging flocculation. The former is induced by the non-adsorbed biopolymer 
(proteins or polysaccharides) in the aqueous phase, and the latter is caused by 
electrically charged biopolymers. It has been reported that addition of small amounts 
of calcium to caseinate-stabilised emulsion lead to a decrease of depletion due to the 
aggregation of caseinate (Dickinson, 2001).  
Previous research has also demonstrated that the aggregation state of casein and the 
nature of the interactions involved in the formation of the aggregate structure have a 




strong influence on the rheological properties of emulsions where caseins/caseinates 
are used as emulsifiers (Dickinson & Casanova, 1999; Dickinson & Eliot, 2003; Eliot 
& Dickinson, 2003; Mulvihill & Murphy, 1991). In particular, a good example of this 
is presented in the work of Dickinson & Casanova (1999) involving thermoreversible 
flocculation of sodium caseinate-stabilised emulsions; the mechanism was assumed 
to be associated with the known dependency of the self-association of caseinate with 
changes in temperature and calcium content. However, most studies focus on 
micellar casein, caseinate or mixed casein-stabilised emulsions, and few studies have 
examined emulsions stabilised with β-CN due to the limited availability. Dauphas et 
al. (2008) reported the properties of β-CN-stabilised emulsions on modifying the 
aggregation state of β-CN by changing temperature and calcium concentration, but 
with a focus on the reactivity of the non-adsorbed β-CN fraction. In addition, CaCl2 
was added after homogenisation in that study, and it was concluded that emulsion 
stability was dependent on whether the Ca2+ content was adjusted before or after 
emulsion formation (Dickinson & Davies, 1999). 
In this study, we have chosen a membrane-filtration-derived β-CN-rich product as a 
starting material in order to develop a better understanding of the thermal and mineral 
stability of β-CN in its native, pure form in an emulsion system (Atamer et al., 2017; 
Crowley, 2016). It is worth noting that this material contains 80% β-CN and 20% 
other proteins, as presented in our previous study (Li et al., 2019). According to the 
literature, β-CN is the most surface-active of milk proteins (Casanova & Dickinson, 
1998b; Mitchell et al., 1970). In general, the protein that adsorbs first at the interface 
during emulsification is the one that most strongly influences the overall behaviour 
(Dickinson, 1997). Therefore, based on its structure and known interfacial properties, 
it could be assumed that β-CN would be the primary protein at the o/w interface.  




The aims of this study were: (1) to investigate the aggregation state of 0.5% β-CN as 
influenced by increasing temperature in the range 5 to 55 °C and addition of CaCl2 or 
MgCl2 and (2) to study the impact of β-CN aggregation on the physical properties of 
β-CN-stabilised emulsions. The experimental results are discussed in view of their 
relation to the different aggregation state of β-CN both at the oil droplet surface and 
in aqueous phase.  
3.2 Materials and methods 
3.2.1 Materials 
Spray dried β-CN concentrate (87.1% protein, 80% protein purity) was prepared from 
bovine milk using  membrane filtration at the University of Wisconsin-Madison 
(Wisconsin, USA), and the protein and mineral profiles of the ingredient have been 
reported in previous studies (Li et al., 2019, Chapter 2). Commercial sunflower oil 
was obtained from a local supermarket and used without further purification. 
Anhydrous CaCl2 and MgCl2·6H2O were purchased from Sigma-Aldrich (St. Louis, 
MO, USA) and unless otherwise specified, all other reagents were purchased from 
Sigma-Aldrich. In summary, the three β-CN solutions used for particle size 
measurement are referred to as β-CN, β-CN/Ca and β-CN/Mg throughout the 
manuscript, and the corresponding solutions were used to formulate emulsions that 
are referred to as β-CN emulsion (abbreviated as E[β-CN]), β-CN/Ca emulsion 
(abbreviated as E[β-CN/Ca]) and β-CN/Mg emulsion (abbreviated as E[β-CN/Mg]), 
respectively. 
3.2.2 Protein dispersion and emulsion preparation 
The β-CN was dissolved and stirred in 10 mM imidazole/HCl buffer at a protein 
concentration of 0.5% (w/w), pH 6.8, during a minimum of 20 h at 4 °C, with this 




sample hereafter being referred to as the control. The required quantity of CaCl2 or 
MgCl2 were added to the above control sample to obtain a final concentration of 3.5 
mM for calcium or magnesium, taking the ionic content of the β-CN into account. All 
dispersions were filtered through a 0.45 μm syringe filter, to eliminate large protein 
aggregates, and stored at 4 °C before use. Sodium azide (0.02% w/v) was added as an 
antimicrobial agent. Oil-in-water (O/W) emulsions (10% w/w sunflower oil, 10 mM 
imidazole/HCl buffer, pH 6.8), stabilized with β-CN, β-CN/Ca or β-CN/Mg at a 
protein concentration of 0.5% (w/w), were prepared as described by Li et al. (2016, 
Chapter 4) with a laboratory homogenizer (Delta Instruments B.V., Kelvinlaan, 
Drachten, The Netherlands) at a pressure of 13 MPa for 2 passes. In order to ensure 
that the temperature of the freshly prepared emulsions was less than 10 ± 2 °C, the 
homogenizer was stored in a cold room at 4 °C for at least 30 min prior to use. The 
pH of all protein solutions and emulsions was adjusted to 6.8 using 1 M HCl or 
NaOH, followed by incubation at different temperatures (5, 25, 35, 45 and 55 °C) for 
20 min, just before analysis. Due to the fact that the self-association of β-CN is a 
reversible process with temperature (Li et al., 2019, Chapter 2), all of the 
measurements were carried out at the relevant specific temperatures.  
3.2.3 Protein particle size 
The particle size of three β-CN solutions was measured by dynamic light scattering 
(DLS) as described by Li et al. (2019, Chapter 2). Samples were transferred to the 
thermo-equilibrated Zetasizer immediately after heat treatment. In addition, the 
particle size was also measured for samples cooled from 55 °C to either 25 or 5 °C 
for 20 min. Measurements were taken in independent triplicate at each temperature, 
with data collection and analyses performed using the Zetasizer Nano software 
(version 7.01; Malvern Instruments), with a solvent refractive index of 1.33. The 




temperature-dependence of the solvent viscosity was considered by the software for 
the size calculations.   
3.2.4 Emulsion droplet size  
The fat globule size distribution of each temperature-equilibrated emulsion was 
determined by static light scattering as described by Li et al. (2016, Chapter 4). The 
temperature of the dispersion unit was controlled manually by adding cold or hot 
water to maintain the temperature of each sample. The size distribution was obtained 
using the polydisperse model, while droplet size measurements of emulsions were 
recorded as the Sauter mean diameter (D3,2= ∑nidi3/ ∑nidi2, where ni is the number of 
droplets with diameter di) and the volume-weighted mean (D4,3). All measurements 
were carried out in triplicate. 
3.2.5 Emulsion stability 
The stability of selected emulsions (i.e. those prepared at 5, 35 and 55 °C) was 
determined using a LUMiSizer® accelerated stability analyser as described by Li et al. 
(2016, Chapter 4) with minor modifications. Aliquots (0.4 mL) were placed in 
polycarbonate sample cells (2 × 8 mm) and centrifuged at 1,500 rpm for 30 min at 5, 
35 and 55 °C, respectively. The result was expressed as the integrated transmission 
percentage against time, where the slope represents the creaming stability of 
emulsions, with lower values indicating greater stability to creaming. 
3.2.6 Rheological measurements 
3.2.6.1 Apparent viscosity 
Measurements of the apparent viscosity were performed as described by McCarthy et 
al. (2013b) using a controlled-stress rheometer (AR2000ex Rheometer, TA 
Instrument, Crawley, UK), equipped with a 60 mm parallel plate. Each sample (~2 




mL) was placed on the plate, thermally equilibrated at the relevant temperature (5, 
25, 35, 45 or 55 °C) for 2 min before the measurement and the samples were visually 
free from foam and air bubbles. In order to minimize the effect of water evaporation 
at high temperatures, a thin layer of silica oil was added to the cover of the plate. The 
measurement was carried out over a shear rate range of 0.1 to 300 s-1 over 2 min.  
3.2.6.2 Rheological thermo-reversibility of emulsions 
The rheological thermo-reversibility of emulsions was assessed using the same 
analytical approach as described above. The heating programme was chosen to allow 
sample equilibration for 2 min at 5 °C with no shearing, followed by holding for 10 
min at 5 °C, heating at 25 °C/min to reach 55 °C, peak temperature hold for 20 min, 
and then cooling to 5 °C at the same rate and holding at 5 °C for 20 min while 
constantly shearing at a rate of 3 s-1 throughout analysis. Measurements were 
performed at least four times. 
3.2.7 Interfacial protein load  
The amount of protein adsorbed onto the fat droplet surface was determined using an 
indirect approach, as described by Mulvihill & Murphy (1991) and Tomas, Paquet, 
Courthaudon, & Lorient (1994) with some modifications, by measuring the protein 
content in the aqueous phase after separation of the fat and aqueous phase by 
centrifugation. In brief, aliquots (1 mL) were taken from the temperature-treated 
emulsions and centrifuged at 15,000 g for 30 min at the relevant temperature in order 
to maintain the thermodynamic state of β-casein. Samples were placed in an ice-
water bath after centrifugation to make it easier to remove the cream layer. The 
cream layer was removed immediately, to avoid any reversal of β-CN aggregation, 
and placed on a filter paper for drying and weighing. The supernatant and pellet in 
the serum phase was separated and stored at 4 °C overnight while stirring (to ensure 




β-CN dissociated into monomers). The supernatant fraction was filtered through a 
0.22 μm filter (to remove any fat globules present) and then mixed with the pellet 
using a vortex. The recovered solutions were diluted 10-fold with distilled water and 
the protein content of the solution was quantified using the BCA assay (BCA Assay 
kit Uptima, Interchim, Montlucon, France). The protein adsorbed on the fat layer was 
calculated from the difference between the amount used to make the original 
emulsion and the amount of protein measured in the aqueous phase after 
centrifugation. The specific surface area (m2/g fat) of the fat globules in emulsions 
was determined using the Mastersizer 3000 and the protein load was expressed as: 
 
Protein load (mg/m2) = total amount of protein adsorbed on the fat surface /total 
specific surface area  
3.2.8 Confocal laser scanning microscopy  
Microstructural analysis was performed using a Leica TCS SP5® microscope (Leica 
Microsystems GmbH, Wetzlar, Germany), equipped with a microscope heating stage 
(CO102, Linkam Scientific Instruments, UK). Fifty l of Rhodamine B (0.01%, w/v 
in distilled water) was added to 1 ml of emulsion at 4 °C and mixed thoroughly. 
Before microstructural observation, samples containing Rhodamine B were heated at 
25, 45 or 55 °C for 20 min, respectively. Ten l of each mixture was then deposited 
on a microscope slide for observation. The slide was covered with a coverslip and 
mounted on the thermostated microscope stage. The analysis was operated using a 
63× oil immersion objective (numerical aperture 1.4) at an excitation wavelength of 
561 (emission detected between 572 and 617 nm) to detect proteins, using a DPSS 
laser. Images (8 bit) were acquired in 512 × 512 or 1024 × 1024 pixels. The 




microscope settings were maintained at a similar value for different time point 
measurements for comparison. Observations were performed during heating and 
cooling between 25 and 55 °C to evaluate reversibility of the phenomena. 
3.2.9  Statistical data analysis 
The preparation of emulsions and subsequent analyses were carried out in 
independent triplicate trials. One-way analysis of variance (ANOVA), followed by 
Tukey’s test, was carried out using the Minitab 16 (Minitab Ltd, Coventry, UK, 2007) 
statistical analysis package. Differences between means were deemed to be 
significant at p-value < 0.05. 




3.3 Results and discussion 
3.3.1 Effect of temperature and divalent cations on the self-
association of β-CN in solutions 
The change in size of particles in protein solutions is an important indicator of 
protein aggregation. The DLS results showed that 0.5% β-CN in solution contained 
particles with a volume mean particle size of 6.82 ± 0.19 nm at 5 °C, indicative of a 
monomeric form of β-CN. The aggregation of β-CN is a thermodynamic process 
involving a range of interactions, resulting in multi-modal particle size measurements; 
therefore, the z-average particle size would be the most representative value for this 
polydisperse system. Changes in the z-average particle size of 0.5% β-CN samples as 
influenced by divalent salt (CaCl2 or MgCl2) addition and temperature (5-55 °C) is 
shown in Figure 3.1. In the absence of added divalent cations, the z-average particle 
size of β-CN increased from 19.6 ± 1.2 nm at 5 °C to 29.5 ± 0.5 nm at 55 °C. In a 
previous study (Li et al., 2019, Chapter 2), the particle size of β-CN in 10 mM 
imidazole buffer (pH 6.8) increased to 350 nm at 55 °C; however, the concentration 
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Figure 3.1 Z-average particle size of 0.5% (w/v) β-casein in 10 mM imidazole buffer 
(pH 6.8) (■), with added CaCl2 ( , 3.5 mM total Ca) or with added MgCl2 (□, 3.5 
mM total Mg), measured after 20 min holding at temperatures of 5, 25, 35, 45 and 
55 °C, and after cooling from 55 °C to 25 or 5 °C. 
In the presence of added MgCl2, no difference in particle size of β-CN was observed 
at 5 °C, compared with the control (p > 0.05), suggesting that added MgCl2 did not 
induce aggregation of β-CN at low temperature, with β-CN being predominately in 
the monomeric state. However, the particle size increased significantly at 55 °C and 
the z-average particle size reached 56.8 ± 5.6 nm (p < 0.05). For β-CN with added 
CaCl2, markedly higher particle size was obtained over the entire temperature range 
(5-55 °C) (p < 0.05) compared to the other two β-CN samples. At temperatures 
greater than 25 °C, the z-average particle size rapidly increased and reached 451 ± 26 
nm at 55 °C, which was almost one order of magnitude higher than that of β-CN/Mg. 
These results indicated that adding either MgCl2 or CaCl2 induced aggregation of β-
CN, because divalent salts can bind with the negatively-charged residues of β-CN 
including phosphoserine residues, glutamic acid, aspartic acid and free carboxyl 
groups through ionic interactions, thereby forming divalent bridges between β-CN 
molecules (Cuomo et al., 2011; Lopez et al., 2013). Meanwhile, increasing 




temperature led to greater binding capacity of both Mg2+ and Ca2+ to β-CN (Baumy 
& Brule, 1988; Parker & Dalgleish, 1981). However, the addition of CaCl2 caused a 
greater increase in protein particle size than MgCl2, possibly because there is a 
stronger specific binding to the phosphoserine groups for calcium compared to 
magnesium (Baumy & Brule, 1988; Dickinson & Davies, 1999; Lopez et al., 2013). 
In addition, Cuomo et al. (2011) suggested that calcium and magnesium bind to 
different binding sites on casein, where the main calcium-binding sites are 
phosphoserine residues while the main magnesium-binding sites are possibly free 
carboxyl groups. The reversibility of β-CN self-assembly was also examined by DLS 
(Fig. 3.1); the particle size of three β-CN samples all showed decreased particle size 
upon cooling, and these sizes were smaller than that of fresh samples at the same 
temperature, which indicated that the self-association of β-CN is fully reversible 
under the experimental conditions used. 
3.3.2 Effect of temperature and divalent cations on the β-CN-
stabilised emulsions 
Emulsions stabilised with 0.5% β-CN, β-CN/Ca or β-CN/Mg were prepared under 
controlled temperature conditions at ~10 °C in order to maintain β-CN molecules in a 
monomeric state when adsorbing to the oil/water interface. The same experimental 
conditions (i.e. temperature, divalent ion content and heating time) as in Section 3.3.1 
for β-CN solutions were used for β-CN emulsions to study the impact of β-CN 


















Figure 3.2 Visual appearance of emulsions (10% sunflower oil, pH 6.8) stabilised 
with β-casein (E[β-CN]), β-casein+3.5 mM Ca (E[β-CN/Ca]) or β-casein+3.5 mM 
Mg (E[β-CN/Mg]) in 10 mM imidazole buffer at 25°C, and after heating to 55 °C 
with 20 min equilibration, followed by cooling to 25 °C. 




Table 3.1 Characteristics of fat globules in emulsions prepared with β-CN (E[β-CN]), β-CN+3.5 mM Ca (E[β-CN/Ca]) or β-CN+3.5 
















2   
E[β-CN] 5 1.02±0.03Aa 1.75±0.08Aa 2.15±0.23Aa 5.88±0.18Aa 3.65±0.28Aa 
 25 1.05±0.06Aa 1.76±0.13Aa 2.18±0.45Aa 5.76±0.34Aa 3.82±0.93Aa 
 35 1.08±0.04Aa 1.83±0.07Aa 2.1±0.24Aa 5.58±0.24Aa 3.78±0.57Aa 
 45 1.1±0.07Aa 1.89±0.13Aa 1.92±0.24Aa 5.45±0.37Aa 3.56±0.66Aa 
 55 1.13±0.05Aa 1.91±0.08Aa 2.03±0.25Aa 5.3±0.24Aa 3.85±0.63Aa 
E[β-CN/Ca] 5 1.19±0.01Ab 2.36±0.11Ab 1.93±0.12Aa 5.02±0.02Ab 3.72±0.19Aa 
 25 1.15±0.03Aab 1.95±0.08Aa 1.95±0.1Aa 5.23±0.15Aab 3.66±0.11Aa 
 35 1.21±0.04Ab 2.16±0.14Ab 1.95±0.16Aa 4.94±0.14Ab 3.89±0.16Aa 
 45 1.27±0.09Aa 2.54±0.13Ab 2.51±0.13Bb 4.75±0.35Aa 5.22±0.07Bb 
 55 1.68±0.21Bb* 6.18±2.04Bb* 3.49±0.18Cb 3.62±0.43Bb 9.74±1.28Cb 
E[β-CN/Mg] 5 1.15±0.02Ab 2.03±0.02ABc 1.86±0.16Aa 5.21±0.09Ab 3.56±0.28Aa 
 25 1.18±0.03ABb 1.98±0.02Aa 2.14±0.29Aa 5.08±0.12ABb 4.22±0.67Aa 
 35 1.21±0.03ABb 2.03±0.02ABab 2.04±0.15Aa 4.94±0.11ABb 4.14±0.31Aa 
 45 1.23±0.03ABa 2.09±0.03BCa 2.08±0.15Aab 4.88±0.11ABa 4.25±0.26Aa 
 55 1.24±0.05Ba 2.12±0.04Ca 2.10±0.26Aa 4.85±0.18Ba 4.34±0.63Aa 
1 D3,2 represents Sauter mean diameter. 
2 D4,3 represents volume mean diameter. 
(A-C)Values within a column, for individual emulsion not sharing a common superscript differed significantly (p < 0.05). 
(a-c)Values within a column, for each individual temperature not sharing a common superscript differed significantly (p < 0.05). 
* For fat globule size measurement using static light scattering, the gentle stirring and dilution with distilled water during the 
measurement may break down some of the weak flocs of the flocculated E[β-CN/Ca] (55 °C). 




3.3.2.1 Effect of temperature on the physical properties of β-CN-stabilised 
emulsions 
 Emulsions made with β-CN (E[β-CN]) were incubated at different temperatures 
between 5 and 55 °C for 20 min. It was found that E[β-CN] remained homogeneous, 
was milk-white in appearance (Fig. 3.2), and displayed Newtonian behaviour at all 
temperatures (Fig. 3.3A). A bimodal fat globule size distribution of E[β-CN] ranging 
from 0.3 to 10 μm was observed over the entire temperature range (Fig. 3.4A). 
Increasing the temperature did not cause a significant (p > 0.05) increase in the 




























































































Shear rate (s-1)  
Figure 3.3 Apparent viscosity as a function of shear rate for emulsions (10% 
sunflower oil, pH 6.8) stabilised with (A) β-CN, (B) β-CN/Ca or (C) β-CN/Mg, 
measured at 5 (▲), 25 (∆), 35 (●), 45 (○) and 55 (   ) °C. Each data point is the 
average of four independent replicates, and error bars represent the standard 






















































Size (μm)  
Figure 3.4 Fat globule size distributions of emulsions (10% sunflower oil, pH 6.8) 
stabilised with (A) β-CN, (B) β-CN+3.5 mM Ca (β-CN/Ca) or (C) β-CN+3.5 mM Mg 
(β-CN/Mg) after incubating at 5 (▲), 25 (∆), 35 (●), 45 (○) or 55 (     ) °C for 20 min. 
Each data point is the average of three independent replicates, and error bars 











The creaming stability of E[β-CN] after incubation at 5, 35 and 55 °C was monitored 
using an analytical centrifuge (LUMiSizer®), as presented in Figure 3.5. The slope of 
the integral transmission-time curve is an indicator of creaming stability, i.e. greater 
increases indicate lower stability. The slope of the integral transmission-time curve 
for E[β-CN] increased with increasing temperature: 0.20 (5 °C), 0.51 (35 °C) and 
0.74 (55 °C) % per minute, respectively. However, the higher slope value may not 
represent a lower stability of emulsion at high temperatures, as the droplet size did 
not show a significant increase with temperature from 5 to 55 °C (Table 3.1). The 
increase in slope value is more likely attributed to the high temperature and 
centrifugal force, which promote particle Brownian motion, resulting in a more 
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Figure 3.5 Transmission of near-infrared light during analytical centrifugation of β-
casein-stabilised emulsions (10% sunflower oil, pH 6.8) (□), with added CaCl2 (○, 
3.5 mM total Ca) or with added MgCl2 (∆, 3.5 mM total Mg). Emulsions were 
incubated at (A) 5°C, (B) 35°C or (C) 55 °C for 20 min before centrifugation, with 
figures showing transmission as a function of time derived from the inserted integral 
transmission-position profiles (the position range from 113 to 129 mm was read). 
Each data point is the average of data from three independent replicate experiments 










Additionally, the protein load of the emulsion was measured, with no significant 
differences in both total surface protein content and protein load over the entire 
temperature range (5-55 °C, Table 3.1); these results illustrate that there was 
sufficient protein to fully cover the oil droplets. The microstructure of E[β-CN] at 25, 
45 and 55 °C obtained from CLSM are shown in Figure 3.6A; proteins (mainly β-CN) 
were non-covalently stained using Rhodamine B (pseudocoloured green) and the 
hollow, black regions visible in the images corresponded to fat globules. This 
analysis showed that most of the protein located at the surface of fat globules and the 
fat globules dispersed in the aqueous phase. No depletion flocculation was visualised 
due to the low protein content.  
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Figure 3.6 Confocal micrographs of emulsions stabilised with (A) β-CN, (B) β-
CN/Ca or (C) β-CN/Mg following incubation at different temperatures (25, 45 or 
55 °C) for 20 min, showing the fluorescence signal corresponding to the 561 nm 
laser excitation (protein phase labelled by Rhodamine B) at zoom 1, 3 and 5. Scale 
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3.3.2.2 Effect of temperature on the physical properties of β-CN-stabilised 
emulsions with added divalent cations 
The addition of divalent cations in the form of chloride salts (CaCl2 or MgCl2) prior 
to homogenization caused a slight lowering of ability of β-CN to stabilise emulsions 
at 5 °C, as reflected in a significant increase (p < 0.05) in droplet size and a reduction 
in the specific surface area, as shown in Table 3.1. This is presumably due to a 
reduction of charge density of the β-CN molecules, which impairs the effectiveness 
of the protein in rapidly saturating the newly formed oil/water interface during 
emulsion formation (Cross, Huq, Bicknell, & Reynolds, 2001; Dickinson & Davies, 
1999). The addition of calcium had a significant influence on the physical properties 
of E[β-CN] with increasing temperature. The droplet size of emulsions stabilised 
with β-CN/Ca (E[β-CN/Ca]) did not increase with increasing temperature until a 
temperature of 45 °C was exceeded (p < 0.05) (Table 3.1), and the corresponding fat 
globule size distribution range was much greater at 55 °C (0.3-100 μm) than that at 
25 °C (0.3-10 μm) (Fig. 3.4B) due to visible flocculation at 55 °C as shown in Figure 
3.2. Shear-thinning behaviour of E[β-CN/Ca] at 55 °C was observed compared with a 
Newtonian behaviour at lower temperatures (≤ 45 °C) (Fig. 3.3B). This is consistent 
with the results of Dauphas et al. (2008), who found a stable β-CN emulsion at 4 °C 
in the presence of 20 mM CaCl2 which flocculated at 37 °C and showed shear-
thinning behaviour and rheological behaviour strongly dependent on calcium 
concentration. It is interesting to note that the integral transmission-time curve of 
E[β-CN/Ca] at 5 and 35 °C (Fig. 3.5A and B) showed similar stability as E[β-CN] 
and E[β-CN/Mg]. However, for E[β-CN/Ca] at 55 °C, the slope of the curve actually 
decreased to 0.2% per minute (Fig. 3.5C). This can be explained as a lower light 
transmission of the aqueous phase obtained after centrifugation in the integral 




transmission-position profile of emulsions inserted in Figure 3.5C. For instance, the 
position at 128 mm represented the aqueous phase after phase separation induced by 
centrifugal force. It can be seen that the three emulsions had the same transmission 
value (5%) at the early stage of centrifugation (first red line at the bottom); after 
centrifugation, E[β-CN] and E[β-CN/Mg] showed a transmission value ~90%, 
whereas a very low light transmission value (~25%) was measured for E[β-CN/Ca] 
(first green line at the top). This indicates that the aqueous phase of E[β-CN/Ca] had 
a higher turbidity (Crowley, 2016), which is caused by the presence of large β-CN 
aggregates (450 nm) formed by Ca2+ bridging of individual β-CN protein molecules 
at 55 °C  (Li et al., 2019, Chapter 2). 
The confocal microscopy images of E[β-CN/Ca] provided more details on the fat 
globule size and protein distribution. As seen in Figure 3.6B, a continuous protein 
surface layer was observed at 25 °C. The oil droplets dispersed in aqueous phase 
appeared larger in size than those of E[β-CN], which is consistent with the light-
scattering results above. After heating at 45 °C for 20 min, the fat globules still 
dispersed in the aqueous phase, but the adsorbed layer structure changed, as reflected 
by the stronger fluorescent signals (pseudocoloured green) unevenly distributed on 
the oil droplets in Figure 3.6B. This is indicative of an interaction between adsorbed 
β-CN and non-adsorbed large β-CN aggregates (230 nm) via calcium bridges that 
altered the interfacial structure, but the repulsive forces between droplets were 
apparently strong enough to protect them from flocculation. For E[β-CN/Ca] 
incubated at 55 °C, a compact network structure was formed with fat globules 
connected by protein aggregates, which presented a gel-like visual appearance (Fig. 
3.2). Furthermore, the pixel intensity of the aqueous phase, as determined by image 
analysis of  E[β-CN/Ca] images at 55 °C, was lower than that at 25 and 45 °C, 




suggesting that less free protein remained in the aqueous phase (Fig. 3.6B). This 
result correlated well with the protein load measurement which showed a higher total 
surface protein level for E[β-CN/Ca] at high temperatures (≥ 45 °C) (Table 3.1).  
It should be noted that the β-CN concentrate product used in this study contains 16% 
whey protein of total protein. The experimental temperatures employed in this study 
are all lower than the denaturation temperature (~70 °C) of whey proteins (Qi et al., 
1997). Hence, droplet flocculation caused by the denaturation of whey proteins can 
be eliminated from further consideration. The results of E[β-CN] also confirmed 
there was no depletion flocculation for emulsions under the experimental conditions 
used in this study. Based on the microscopy results and surface protein content, it can 
be assumed that this calcium-induced destabilisation of E[β-CN] is due to bridging 
flocculation and this destabilisation is attributed to the interaction of adsorbed β-CN 
on different droplets and interaction between adsorbed β-CN and non-adsorbed β-CN 
aggregates in the aqueous phase via calcium bridges (Velev et al., 1998). 
It is worth noting that there was no significant increase in droplet size of E[β-CN/Ca] 
at 55 °C compared to low temperatures according to the microstructural imaging 
analysis. This suggests that the particle size measurement of flocculated emulsion 
using the light-scattering method (Table 3.1 and Fig. 3.4B) may misinterpret the real 
droplet size and also confirms that the aggregation/gelation of E[β-CN/Ca] is caused 
by droplet flocculation rather than droplet coalescence.  
E[β-CN] fortified with MgCl2 (E[β-CN/Mg]) did not show an increase in the droplet 
size distribution at the higher temperatures (Table 3.1), demonstrating that no 
flocculation occurred in the temperature range (5-55 °C) studied, which correlates 
with the visual appearance in Figure 3.2. Except for the droplet size, E[β-CN/Mg] 




showed similar physical behaviour to E[β-CN], including creaming stability, 
viscosity, protein load (p > 0.05) and microstructure. 
3.3.2.3 Reversibility of thermal aggregation of emulsions stabilised with β-
CN/Ca 
The thermal aggregation of E[β-CN/Ca] was reversible upon cooling (Fig. 3.2). This 
thermo-reversibility was studied by dynamic viscosity measurements as a function of 
temperature and using microscopy techniques. The apparent viscosity of the three 
emulsions under a heating/cooling cycle (5→55→5 °C) is shown in Figure 3.7 and 
Table 3.2. All the emulsions showed low viscosity (2.33-4.91 mPa∙s) when 
equilibrated at 5 °C. When samples were heated at 55 °C, the viscosity of emulsions 
prepared with β-CN or β-CN/Mg did not show any change during the holding time, 
whereas E[β-CN/Ca] displayed a considerable increase in viscosity after holding at 
55 °C for 7 min, which is indicative of a substantial increase in the extent of droplet 
flocculation, as shown in Figure 3.2. The viscosity reached a maximum (~2,000 
mPa∙s) in 5 min, after which the viscosity decreased. This is possibly because the 
shearing applied disrupted the flocculated droplets after formation, although the shear 
rate was very low (3 s-1) (Manski, van der Zalm, van der Goot, & Boom, 2008), 
which is indicative of a very weak structure of the aggregates. Once the temperature 
was lowered to 5 °C, the viscosity of E[β-CN/Ca] rapidly decreased back to its pre-
heating value. The confocal microscopy images in Figure 3.6B also showed that the 
droplets in E[β-CN/Ca] flocculated, resulting in a compact network structure at 55 °C, 
and returning to the original emulsion structure upon cooling. These results illustrate 
that β-CN/Ca-based emulsions exhibited thermo-reversible behaviour which is 
similar to that observed for β-CN/Ca in solution. 




Table 3.2 Apparent viscosity of β-CN, β-CN/Ca or β-CN/Mg stabilised-emulsions at different stages of heat treatment using a parallel plate. The 
heating programme includes holding for 10 min at 5 °C, heating to 55 °C (heating rate = 25 °C/min), peak temperature hold for 20 min, and 
then cooling to 5 °C at the same rate and holding at 5 °C for 20 min (shear rate = 3 s-1). 
Measurement stage Viscosity (mPa∙s) 
 E[β-CN] E[β-CN/Ca] E[β-CN/Mg] 
Pre-heating (5°C) 2.33±1.10Aa 4.69±2.43Aa 4.91±2.39Aa 
Peak temperature (55 °C) 2.49±0.96Aa 7.46±1.70Ab 2.74±0.83Aa 
Peak hold for 20 min at 55 °C 3.11±1.24Aa 1443±771Bb 1.65±1.44Aa 
Post-heating/cooling (5°C) 5.89±0.86Ba 13.3±1.03Ab 6.01±3.50Aa 
(A–B)Values within a column (vertical) not sharing a common superscript differed significantly (p < 0.05). 
(a–b)Values within a row (horizontal) not sharing a common superscript differed significantly (p < 0.05). 














































Time (min)  
Figure 3.7 Apparent viscosity profiles of emulsions (10% sunflower oil, pH 6.8) 
stabilised with β-CN (■), β-CN/Ca (●) or β-CN/Mg (∆) during heat treatment with a 
peak temperature hold of 55 °C for 20 min. Dashed line represents the temperature 
profile. Each data point is the average of four independent replicates, and error bars 
represent the standard deviation of the mean. 
 
3.3.3 Effect of β-CN aggregation on β-CN-stabilised emulsions 
The results presented in this study seem to suggest that the aggregation of β-CN 
strongly influenced the physical behaviour of β-CN-stabilised emulsions, especially 
in the presence of Ca2+. For conditions corresponding to β-CN in the monomeric and 
micellar state (without divalent cation addition), β-CN-stabilised emulsions were 
relatively stable to flocculation between 5 and 55 °C, likely due to the low protein 
content of 0.5%, w/v. According to previous studies (Casanova & Dickinson, 1998b; 
Dickinson et al., 1997), depletion flocculation could be induced by an excess of non-
adsorbed protein in concentrated emulsions. Additionally, no increase in protein load 
was observed for E[β-CN] with increasing temperature. This demonstrates that the 
state of adsorbed β-CN may not be affected by temperature once β-CN is adsorbed on 
the oil/water interface, and therefore the heat-induced aggregation of β-CN would 




mainly occur on non-adsorbed β-CN in aqueous phase. The adsorption of protein to 
an interface is a thermodynamic process, and interchange reactions between adsorbed 
and non-adsorbed protein can take place (Dalgleish, 1997; Dalgleish et al., 2002; Seta 
et al., 2014). However, the aggregated proteins (i.e. micellar β-CN) show less surface 
activity than the dispersed proteins (i.e. monomeric β-CN) due to their less flexible 
structure, which makes them less favourable for adsorbing to an interface (Mulvihill 
& Murphy, 1991). Therefore, it is concluded that, in a β-CN-stabilised emulsion, the 
β-CN molecules adsorbed at the interface are in a monomeric state, regardless of the 
state of aggregation in the aqueous phase (monomers or aggregates). 
The addition of divalent ions (Ca2+ or Mg2+) promoted heat-induced aggregation of β-
CN and different aggregation states (particle size) were observed depending on 
temperature and the type of cation (Fig. 3.1). It is interesting to note that E[β-CN/Ca] 
did not exhibit flocculation until temperatures exceeded 45 °C although large 
aggregates (230 nm) had already formed at 45 °C. The destabilisation of E[β-CN/Ca] 
can be explained through two aspects: 
(i) Charge effect on O/W interface: high temperature induces calcium-binding to the 
adsorbed β-CN, thereby leading to a reduction in negative charge surrounding the oil 
droplets, and therefore reducing the repulsive forces between oil droplets. The 
lowering of the charge density also induces a reduction in the steric stabilisation 
(Cuomo et al., 2011; Dickinson & Davies, 1999; Parker & Dalgleish, 1981);  
(ii) State of β-CN in aqueous phase: calcium results in a dramatic increase in particle 
size of β-CN aggregates in the aqueous phase (450 nm) at higher temperature (55 °C), 
as shown in Figure 3.1.  
Moreover, high temperatures promote the collision frequency of droplets under the 
influence of Brownian motion. These factors lead to the repulsive barrier between oil 




droplets being overcome and large β-CN aggregates acting as cross-linkers to connect 
each oil droplet by calcium bridges as the total surface protein level increased at 
55 °C (see Table 3.1). Therefore, a compact network structure of E[β-CN/Ca] can be 
formed, which is a thermo-reversible reaction driven by hydrophobic interactions. 
Due to a weak binding affinity of Mg2+, compared with Ca2+, to β-CN (Broyard & 
Gaucheron, 2015; Cuomo et al., 2011; Lopez et al., 2013), small aggregates (56 nm) 
were formed in β-CN/Mg solution at 55 °C and the corresponding emulsions were 
stable to flocculation.  




3.4 Conclusion  
This study has shown that the addition of ionic calcium promoted aggregation of β-
CN more than ionic magnesium. Bridging flocculation in a β-CN-stabilised emulsion 
did not occur until very large β-CN aggregates (~450 nm) were formed, induced by 
both temperature increase and calcium addition, which was reversed upon cooling. 
This thermo-reversible behaviour of the emulsions is similar to that observed for β-
CN/Ca in solution. Therefore, the stability of β-CN-stabilised emulsions is very 
dependent on the extent of β-CN aggregation, which is affected by many factors, 
such as temperature, calcium concentration, pH, ionic strength and β-CN purity 
(Dauphas et al., 2005; Li et al., 2019; Moitzi et al., 2008; O'Connell et al., 2003). The 
greatest effect appears to be on the particle size of the β-CN aggregates, which could 
be a good indicator for predicting flocculation. The findings of this novel research are 
of relevance to end-users of β-casein-enriched products in controlling the aggregation 
state of β-CN in formulated nutritional products such as β-CN-enriched infant 
nutritional products. 
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The objective of this work was to investigate the effect of covalent labelling on the 
physicochemical properties of β-casein (β-CN) in solution and in emulsions stabilised 
by β-CN and whey protein isolate (WPI). β-CN was covalently labelled by 5-(and 6)-
carboxytetramethylrhodamine, succinimidyl ester (NHS-Rhodamine). The effect of 
conjugating β-CN with NHS-Rhodamine on the spectroscopic properties of labelled 
β-CN (β-CNlabelled) was examined. No significant difference in interfacial tension 
(p>0.05) was found between mixture of WPI and β-CNlabelled (0.5% w/w WPI/β-
CNlabelled) and of WPI and β-CN (0.5% w/w WPI/β-CN) in 10 mM phosphate buffer 
(pH 7.0) at 20 ˚C. Oil-in-water emulsions stabilized with either WPI/β-CN or WPI/β-
CNlabelled (0.5% w/w) were also investigated using laser-light scattering, analytical 
centrifugation, rheometry and CLSM. It was shown that labelling had no significant 
effect on the physicochemical properties of emulsions (p>0.05) in terms of droplet 
size, creaming stability, viscosity or zeta-potential. Confocal micrographs of 
emulsions made with WPI/β-CNlabelled showed that both β-CN and whey proteins 
could be observed simultaneously, and were co-localized at the surface of fat 
globules. Furthermore, it was found through image analysis that β-CN produced a 
thicker interfacial layer than WPI.  





Dairy proteins are often used as emulsifiers in a variety of dairy products. They 
absorb at the surface of newly formed oil droplets during homogenization, thereby 
producing a layer to protect the oil droplets against coalescence and flocculation 
during storage. The nature of the absorbed layer at the oil-water interface is one of 
the most important factors determining the physicochemical behaviours of emulsions, 
and a large number of studies have explained the absorption behaviours of proteins 
on the oil droplets surface (Dickinson, 2001; Dickinson & Parkinson, 2004; 
McClements, 2004; McSweeney, Mulvihill, & O'Callaghan, 2004; Raikos, 2010).  
Dairy proteins are classified into two main categories: caseins and whey proteins. 
Caseins consisting of αs1-, αs2-, β- and κ-casein are self-assembled in milk into 
particles called casein micelles with κ-casein located predominately at the surface of 
the micelle (Fox & McSweeney, 2003). Caseins are relatively heat-stable but tend to 
aggregate upon lowering the pH and become insoluble at their isoelectric point of pH 
4.6 (Hammarsten, 1883; van Slyke & Barker, 1918). All caseins have a large 
proportion (35-45%) of hydrophobic amino acid residues (e.g. Val, Leu, Phe, Tyr, 
Pro), especially β-CN. One of the most abundant caseins, β-CN has a flexible linear 
disordered secondary structure and no intramolecular crosslinks. It has a hydrophilic 
region at the N-terminal and a hydrophobic region of zero net charge at the C-
terminal of the molecule (Parkinson & Dickinson, 2004; Rollema, 1992). β-CN 
includes 5 phospho-serines in the hydrophilic part, which gives a high net negative 
charge (Dickinson, 1997). The presence of phospho-serine residues in β-CN provides 
the thickness and steric-stabilizing properties of the absorbed layer surrounding the 
oil droplets. Its highly amphiphilic nature contributes to the emulsifying properties.  




β-CN is assumed to be one of the most surface-active dairy proteins (Mitchell et al., 
1970). It has been reported that β-CN absorbed more rapidly at the oil-water 
interfaces and was more effective in reducing the interfacial tension compared with 
other caseins (Dickinson, 1989b). Therefore, β-CN is widely used as an effective 
emulsifier in formulated emulsion systems. In addition, β-casein exists in solution in 
a molecular or aggregated state depending on the concentration, temperature and 
ionic strength. It was concluded (Dauphas et al., 2005) that at low temperature (< 15 
˚C), β-casein generally is found as monomers with a mean diameter of 7-8 nm. It 
aggregates into a micellar state with a diameter of 20-25 nm when temperature 
increases to 35 ˚C in the absence of salt. Adding calcium (Ca2+) leads to formation of 
β-CN sub-micelles or aggregates because the electrostatic repulsion between 
molecules decreases when calcium associates with phosphoserine residues. McCarthy 
et al. (2013b) illustrated that calcium-induced aggregation was decreased when 
dephosphorylated bovine β-CN was used to stabilize emulsions. 
The major whey proteins in bovine milk are β-lg, α-la and BSA. They are compact 
globular proteins characterised by well-defined three-dimensional structures held 
together by di-sulphide bonds. Whey proteins are sensitive to temperature and are 
readily denatured at temperature ˃ 75 ˚C (Millqvist-Fureby et al., 2001). Many 
studies have shown that caseins (e.g. αs1-, αs2-, β- and κ-casein) can act in a similar 
manner as molecular chaperones to inhibit the thermal denaturation of whey proteins 
(Guyomarc'h et al., 2009; Kehoe & Foegeding, 2011, 2014; Morgan et al., 2005; 
O’Kennedy, Mounsey, Murphy, Duggan, & Kelly, 2006). Whey proteins are used as 
dairy ingredients due to their nutritional and functional properties. They are also 
excellent emulsifiers, and are slightly less surface active than caseins (Hunt & 
Dalgleish, 1994). Previous studies have shown that the inhibition of droplet 




flocculation can be achieved in whey protein-stabilized emulsions by incorporation 
of very small amounts (e.g.  0.015% w/w β-CN in the total emulsion) of casein 
(Dickinson & Parkinson, 2004; Parkinson & Dickinson, 2004). Whey protein isolate 
(WPI) is a commercially available whey protein product, which is produced by either 
selective ion exchange technology (e.g. BiPRO®) or a membrane-based separation 
process. It contains a higher protein content (90-95% on a dry weight basis) 
compared to cheaper whey protein concentrate (WPC, generally 30-70% protein) and 
(sweet/acid) whey powder (9-13% protein). 
Microscopy techniques are widely applied for visualising and interpreting physical 
and chemical analyses. Confocal laser scanning microscopy (CLSM) has been used 
to visualise different food structures, such as cheese, mayonnaise, milk powder and 
meat (Auty, Twomey, Guinee, & Mulvihill, 2001a; Maher et al., 2015). Emulsion fat 
droplet size can be observed directly using CLSM for comparison with the results 
from light scattering (Lopez, Madec, & Jimenez-Flores, 2010). van de Velde et al. 
(2003) described how improved contrast may be obtained by differences in 
fluorescence, either by auto-fluorescence of the material or by the addition of 
fluorescent dyes. It is possible to stain proteins, fats and polysaccharides 
simultaneously using various fluorescent probes/dyes via covalent or non-covalent 
labelling (Auty, 2013; Dickinson & Yamamoto, 1996). Single or multiple probes 
have been frequently used to observe the phase distribution of protein/fat system and 
protein/polysaccharide system (Abhyankar et al., 2011b; Ciron et al., 2010). For 
example, the visualization of fats and proteins in food could be achieved using either 
Nile blue only (Brooker, 1995) or a mixture of Nile Red and Fast Green FCF (Auty 
et al., 2001a). Covalent labelling of polymers allows for an exact measurement of 
multiple components in a system without over-staining. Covalently-labelled proteins 




can be used to visualize one specific protein in a complex system. There are a 
variety of reactive commercial protein probes with different fluorescence properties, 
such as carboxylic acid succinimidyl ester, isothiocyanate or sulphonyl halides. They 
bind to the reactive amine groups of the proteins via covalent bonds under slightly 
alkaline conditions (van de Velde et al., 2003).  
However, it is difficult to determine if the physicochemical properties of the labelled 
protein have changed compared to those of the native form due to the labelling 
process. For most situations, it is assumed that labelling does not change the 
properties of the labelled component, without verifying the effect of the labelling on 
the physical characteristics of modified component.  
The main objectives of this study were: (1) to investigate the effect of conjugating β-
CN with NHS-Rhodamine, using the covalent labelling technique, on the 
physicochemical properties of labelled β-CN (β-CNlabelled); (2) to examine whether 
covalent labelling with NHS-Rhodamine can be used to distinguish whey proteins 
from β-CN in emulsions, using CLSM; and (3) to determine the effect of covalent 
labelling of β-CN on the physicochemical properties of emulsions stabilized with 
WPI/β-CN at neutral pH and room temperature. 




4.2 Materials and methods 
4.2.1 Materials 
Whey protein isolate (WPI, BiPRO®) was obtained from Davisco Foods International 
Inc. (Le Sueur, Minnesota, USA). The protein content (93.3%) was determined in-
house by the Kjeldahl method (IDF Standard, 26, 2001) using a nitrogen-to-protein 
conversion factor of 6.38. β-casein, from bovine milk (≥ 98 % purity) and phosphate 
buffered saline, pH 7.4 (containing 0.47% phosphate buffer, 0.1% KCl and 4% NaCl, 
w/v) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Commercial 
sunflower oil was obtained from Tesco Supermarkets Ltd (Co. Cork, Ireland) without 
purification. NHS-Rhodamine was supplied by Thermo Fisher Scientific (Rockford, 
Il, USA). Unless otherwise specified, all other reagents were purchased from Sigma 
Chemicals Inc. (St. Louis, Missouri, USA).  
4.2.2 Conjugation of β-CN with NHS-Rhodamine via covalent 
labelling techniques 
The covalent labelling technique is designed to visualize one specific protein in a 
complex mixture and to overcome the uncertainties that arise from the use of free 
fluorescent dyes. In this study, β-CN was covalently labelled using NHS-Rhodamine 
which reacts specifically with primary amine groups including the amino terminus of 
proteins and the ε-amino group of lysine to produce a highly fluorescent conjugate 
(Fig. 4.1). β-CN was dissolved in 10 mM phosphate buffered saline (10 mg/ml, pH 
7.4) before labelling with NHS-Rhodamine (10 mg/ml in DMF, molar ratio of 
dye:protein = 5:1). The mixture was incubated at room temperature in the dark for 1 
h. To remove the unbound dye, the mixture was crudely purified by passing through 
PD-10 desalting columns (GE Healthcare Life Sciences, Buckinghamshire, UK) 




under gravity, and then dialysed four times against phosphate buffered saline (10 mM) 
and twice against distilled water in order to remove the free dye and salt completely 
(no colour observed). The covalently labelled β-CN solution was then freeze-dried 
and stored in a desiccator under anhydrous conditions in the dark. The protein 
concentration % (w/w) and degree of labelling (DOL) of β-CNlabelled were estimated 
using Equation (4.1) and (4.2), respectively. 
 
 
Figure 4.1 Mechanism for formation of the protein-dye conjugate.




weight of labelled protein - dye concentration volume of labelled protein
Protein concentration % (w/w) =
weight of labelled protein

                    (Eq. 4.1) 
dye concentration (mg/ml)
Mw of dye
Degree of labelling (moles dye per mole protein) =
protein concentration (mg/ml)




concentration of free dye A  of labelled protein
Dye concentration (mg/ml) = dilution factor




Mw of dye = 528 Da 
Mw of protein = 24,000 Da 
 




4.2.3 Determination of native protein concentration by reversed-
phase high performance liquid chromatography (RP-HPLC)  
The concentration of individual native proteins in WPI was analysed by RP-HPLC 
(Waters, Milford, MA, USA). Separation was performed on a Source™ 5RPC 
column at 28 ˚C (Amersham Biosciences, UK, Ltd.). The HPLC system consisted of 
a Waters 2690 Separation Module, a Waters 2487 Dual Lambda Absorbance 
Detector and Empower Millennium software. Buffer A contained 0.1% (v/v) TFA in 
Milli-Q® water and buffer B contained 90% acetonitrile and 0.1% TFA in Milli-Q® 
water. The results indicated that WPI (BiPRO®) contains 19.4 % α-la, 78.9 % β-lg 
and 1.7% BSA (native protein). 
4.2.4 Spectrophotometric measurements 
Solutions of NHS-Rhodamine (5 μg/ml), β-CN (0.02%) or β-CNlabelled conjugate (120 
μg/ml) were prepared in 10 mM phosphate buffered saline, pH 7.4. The UV/visible 
absorbance spectra of the solutions were recorded individually in the wavelength 
range of 250-650 nm, using a Cary 1 Spectrophotometer (Varian Inc., Palo Alto, 
California, USA). 
A Cary Eclipse fluorescence spectrofluorimeter and a 1 cm × 1 cm quartz cuvette 
were used to carry out the excitation/emission measurements for NHS-Rhodamine (5 
μg/ml) and the β-CNlabelled conjugate solution (120 μg/ml) at 25 ˚C. The instrument 
settings were as follows: for excitation spectra (450-590 nm) at a fixed emission 
wavelength of 600 nm; for emission spectra (530-700 nm) at a fixed excitation 








4.2.5 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 
β-CNlabelled and native β-CN were characterised by SDS-PAGE in order to study the 
effect of labelling on β-CN. The procedure was based on that of Laemmli (1970). 
Briefly, protein samples were dissolved in sample buffer (62.5 mM Tris-HCl buffer, 
pH 6.8, containing 20% glycerol, 2% (w/v) SDS and 0.025% (w/v) bromophenol 
blue) to achieve a final concentration of 1 g/l. For SDS-PAGE under reducing 
conditions, 5% β-mercaptoethanol was added to samples followed by heating at 95 
˚C for 5 min. After cooling to room temperature, 5 l of samples were loaded onto a 
12% polyacrylamide Amersham ECL gel and run using a Amersham ECL Gel box 
(GE Healthcare, Uppsala, Sweden). After electrophoresis, the gels were stained for 1 
h using 0.05% (w/v) Coomassie brilliant blue R-250 in 25% (v/v) isopropanol and 
10% (v/v) acetic acid. After staining, the gels were destained in a 10% (v/v) 
isopropanol and 10% (v/v) acetic acid solution until a clear background was achieved. 
Molecular weights (Mw) were determined by comparison to pre-stained protein 
molecular weight markers (Thermo Scientific, MA, USA).  
4.2.6 Emulsion preparation 
Oil-in-water (O/W) emulsions (10% w/w sunflower oil, 10 mM sodium phosphate 
buffer, pH 7.0), stabilized with either β-CN or WPI at different concentrations (0.3, 
0.4 and 0.5% w/w protein) , were pre-mixed using an ultra-turrax® model T25 digital 
(IKA, Staufen, Germany) equipped with a S18N-19G dispersion unit at 6,600 rpm for 
15 s. The coarse emulsions were then passed once through a laboratory homogenizer 
(high pressure laboratory homogenizer, Delta Instruments B.V., Kelvinlaan, Drachten, 
The Netherlands) at an input pressure of ~40 bar. A 0.5% total protein concentration 
was selected to produce mixed layer emulsions stabilized with WPI and β-CNlabelled in 




a protein ratio of 50/50 (w/w). An emulsion made with WPI and β-CN was used as a 
control. Sodium azide (0.02% w/v) was added as an antimicrobial agent. After 
homogenization, the pH of all samples was adjusted to 7.0 using HCl or NaOH and 
samples were stored at 4 ˚C cold room. Analyses were carried out at 0 (fresh 
emulsion) and 3 d post emulsion preparation. 
4.2.7 Determination of oil droplet size 
The average oil droplet size distribution of each emulsion was determined using a 
laser-light diffraction unit (Mastersizer 3000, Malvern Instruments Ltd, 
Worcestershire, UK). The optical parameters chosen were a particle and dispersant 
refractive index of 1.456 and 1.33, respectively. The absorbance value of the 
emulsion droplets was 0.01. Laser obscuration was controlled between 5 and 12%. 
The size distribution was obtained using polydisperse analysis, while droplet size 
measurements of emulsions were recorded as the sauter mean diameter (D3,2= ∑nidi3/ 
∑nidi2, where ni is the number of droplets with diameter di) and the volume weighed 
mean (D4,3). Measurements were carried out in triplicate. 
4.2.8 Emulsion stability 
The stability of emulsions was determined using a multiple analytical centrifuge 
(LUMiFuge 116 stability analyser, L.U.M GmbH, Berlin, Germany). Aliquots (0.4 
ml) were placed in polycarbonate sample cells (2 mm × 8 mm) and centrifuged at 
1,500 rpm for 1 h at 25 ˚C, with transmission profiles measured at 1 min intervals. 
The result was expressed as the integrated transmission percentage against time. The 
slope determines the creaming stability of emulsions, with lower values indicating 
better creaming stability. 
 




4.2.9 ξ-potential measurement  
Zeta potential of the emulsions was measured using a Zetasizer Nano-ZS90 (Malvern 
Instruments, Worcestershire, UK). Emulsions were diluted a 1,000 times using 10 
mM sodium phosphate buffer (pH 7) to minimize multiple scattering effects. 
4.2.10 Apparent viscosity  
Measurement of apparent viscosity was performed using a controlled-stress 
rheometer (AR2000ex Rheometer, TA Instrument, Crawley, UK), equipped with a 
concentric cylinder geometry (stator inner radius = 15 mm, rotor outer radius = 14 
mm). Each sample (~15 g) was placed into the cylinder, equilibrated for 2 min before 
measurement. In order to minimize the effect of water evaporation, a thin layer of n-
tetradecane was added to the surface of the sample. The measurement was 
accomplished over a shear rate range of 10-300 s-1 at 25 ˚C. 
4.2.11 Measurement of interfacial tension  
Measurements of dynamic interfacial tension were carried out as described by 
Drapala et al. (2015) with a Krüss K12 Tensiometer at 20 ± 0.5˚C over 60 min. 
Heavy phase (25 ml of 10 mM phosphate buffer or 0.5% protein solutions) and light 
phase (25 ml of sunflower oil) were used. Interfacial tension was recorded 
continuously from 0 to 5 min and at 10, 15, 30 and 60 min after forming the interface. 
The program was set to record a maximum of 80 readings per given time point at 1 
sec intervals, unless the standard deviation was ≤ 0.01 in ten consecutive readings, in 








4.2.12 Confocal laser scanning microscopy 
Microstructural analysis was performed using a Leica TCS SP5® microscope (Leica 
Microsystems GmbH, Wetzlar, Germany). In order to reducing Brownian motion of 
particles, low melting point agarose was prepared at 1% (w/v) in distilled water and 
stored at 45 ˚C until utilization. Nile blue (100 l of 0.05% in distilled water) was 
added to 1 ml of emulsion and mixed thoroughly. Before microstructural observation, 
sample solutions containing Nile blue were mixed with the agarose in a ratio of 1:3 to 
immobilise the sample and then 5 l of each mixture was deposited on a microscope 
slide. The slide was covered with a coverslip and observed under the microscope at 
room temperature. The analysis was operated using a 63× oil immersion objective 
(numerical aperture 1.4) at excitation wavelengths of 488 (emission detected between 
520 and 567 nm) to detect fat, 561 (emission detected between 573 and 613 nm) to 
detect covalently labelled β-CN and 633 nm (emission detected between 650 and 718 
nm) to observe WPI provided by Argon, DPSS and He/Ne lasers, respectively. 
Images (8 bit) were acquired in 1024 × 1024 pixels using triple channel imaging. The 
microscope settings were maintained at a similar value for different time point 
measurements for comparison. 
4.2.13 Statistical analysis 
The preparation of solutions, emulsions and subsequent analysis were carried out in 
independent triplicate. Analysis of variance (ANOVA) was carried out using the 
Minitab 16 (Minitab Ltd, Coventry, UK, 2007) statistical analysis package. The 
effect of treatment and replicates were estimated. One-way multiple-comparison test 
was used as a guide for pair comparisons of the treatment means. The level of 
significance was determined at p < 0.05. 




4.3 Results and discussion  
4.3.1 Effect of covalent conjugation of β-CN with NHS-Rhodamine 
on spectroscopic properties 
The UV/vis spectra (Fig. 4.2) showed that 0.05% β-CN solution did not absorb light 
at any wavelength in the range 350-650 nm. However, it had the expected aromatic 
absorbance peak at 280 nm. The absorbance spectrum of the NHS-Rhodamine 
solution (Fig. 4.2) displayed an absorbance peak at 554 nm. Covalent conjugation of 
β-CN with NHS-Rhodamine led to a splitting of the main peak into two absorption 
peaks at about 520 nm and 556 nm (Fig. 4.2), which may be explained by a non-
fluorescent dye aggregation (Haugland, 2005). As most of the free dye was removed 
by dialysis, aggregation may only occur between dye molecules covalently bound to 
the protein. The protein concentration and degree of labelling of the β-CNlabelled were 
calculated as 96.9 ± 0.4% and 1.42 ± 0.18 (moles of dye per mole protein), 
respectively. In addition, Figure 4.2 showed the excitation (maximum at 557 nm) and 
the emission (maximum at 582 nm) spectra of the β-CNlabelled conjugate, while NHS-
Rhodamine has an excitation maximum at 552 nm and emission maximum at 576 
nm, which means that conjugation with β-CN caused a slight red-shift in both 
excitation and emission. Furthermore, SDS-PAGE analysis of β-CN and β-CNlabelled 
showed that β-CNlabelled migrated somewhat more slowly, which may be due to the 
slightly higher molecular weight of β-CNlabelled compared to that of β-CN (Fig. 4.2 
inset; Mw of NHS-Rhodamine is 528 Da). 




















































Figure 4.2 Emission (solid line, excitation at 525 nm) and excitation (dashed line, 
emission at 600 nm) spectra of β-CN-Rhodamine conjugate (β-CNlabelled) in 10 mM 
phosphate buffered saline, pH 7.4. Absorbance spectra of 5 μg/ml NHS-Rhodamine 
( ▲ ), 200 μg/ml β-CN ( ■ ) and 120 μg/ml β-CNlabelled ( ● ) were measured for 
comparison. The insets show the chemical structure of NHS-Rhodamine (right) and 
SDS-PAGE (left) of β-CNlabelled (lane 1) and β-CN (lane 2); lane M represents 
molecular weight marker.  
 
4.3.2 Effect of covalent labelling on the emulsification property of 
protein 
The determination of interfacial tension between aqueous solutions and oil is useful 
for understanding the formation and stability of O/W emulsions. The type of aqueous 
solution affects the oil/aqueous interfacial tension. It should be noticed that the 
presence of small amounts of impurities (e.g. lecithin) in commercial sunflower oil 
can affect the interfacial tension of proteins. A decrease in the interfacial tension 
between the two phases increases the inherent thermodynamic stability of the 
emulsion (Gernon, Alford, Dowling, & Franco, 2009). Dynamic interfacial tension 




between solutions (e.g. sodium phosphate buffer pH 7.0, WPI, β-CN, WPI/β-CN or 




























Time (min)  
Figure 4.3 Dynamic interfacial tension measured between sunflower oil and 
phosphate buffer (control) (♦), WPI alone (●), β-CN alone (○), a mixture of WPI/β-
CN (1:1 by weight) (■) and a mixture of WPI/β-CNlabelled (1:1 by weight) (□) at 20 ˚C, 
pH 7.0, using the Wilhelmy plate technique.  
 
On formation of an interface between sunflower oil and phosphate buffer (used as a 
clean control interface), the initial interfacial tension (γ i) was 18.7 ± 1.3 mN/m, then 
decreased to 10.4 ± 0.3 mN/m once equilibrium interfacial tension (γeq) was reached 
after 60 min (Fig. 4.3); the decrease in interfacial tension was generally achieved 
within 15 min of the interface formation. The measured γi and γeq between oil and 
protein solutions were significantly lower than that of the clean interface, indicating 
the high effectiveness of proteins in reducing the interfacial tension. Compared with 
the oil/WPI system (γi = 11.9 ± 0.2 mN/m, γeq = 3.75 ± 0.03 mN/m), the interfacial 
tension of oil/β-CN significantly decreased from 10.5 ± 0.8 to 0.72 ± 0.01 mN/m. 




This means that β-CN is more surface-active than WPI in developing an oil/water 
interface. The effectiveness of β-CN in reducing the interfacial tension is due to its 
flexible and disordered secondary and tertiary structure (Dickinson, 1997; 
McClements, 2004). Results for the mixed protein systems were consistent with 
those of Seta et al. (2014), who reported that the interfacial tension values for mixed 
whey protein/β-CN system fell between those of these proteins individually. The 
change in interfacial tension over time for the WPI/β-CN system was similar to that 
seen for β-CN alone (Fig. 4.3). When β-CN was replaced by β-CNlabelled in WPI/β-
CN system, there was no significant difference in γi and γeq for both systems (Table 
4.1), which shows that the labelling does not affect the emulsification property of β-
CN.  




Table 4.1 Properties of O/W emulsions stabilized with WPI/β-CN or WPI/β-CNlabelled at day 0 and 3 (mean ± SD, n ≥ 3). 














Emulsion-WPI/β-CN 0 1.65±0.04a 3.93±0.18a -40.24±2.17a 3.91±0.03a 43.2±1.4a 11.1±0.2a 1.1±0.1a 
Emulsion-WPI/β-CN 3 2.11±0.24b 5.61±0.69b - 3.87±0.00a - - - 
Emulsion-WPI/β-CNlabelled 0 1.63±0.05
a 3.78±0.27a -40.73±2.11a 3.85±0.02a 40.5±1.4a 11±0.7a 1.4±0.1a 
Emulsion-WPI/β-CNlabelled 3 1.61±0.04
a 3.91±0.39a - 3.82±0.08a - - - 
Within a column, values with different superscript letters are significantly different (p< 0.05). 
* Absolute viscosity at shear rate 300 s-1 at 25 ˚C.  
** Integral light transmission value at 60 min at 25 ˚C. 
‘-’ means not measured. 




4.3.3 Effect of covalent labelling on the physical behaviours of 
emulsions 
Fat droplet size of emulsions made with WPI/β-CN (control system) or WPI/β-
CNlabelled at day 0 and 3 were measured (Table 4.1). The use of a lab homogenizer 
with low pressure (~4 MPa) resulted in emulsions with a droplet size distribution 
ranging from 0.28-111 μm. No significant difference (p > 0.05) in either D3,2 or the 
D4,3 was observed between fresh emulsions (day 0). After 3 days of storage at 4 ˚C, 
the droplet size of the control system markedly increased whereas the droplet size of 
the WPI/β-CNlabelled emulsion did not change. Hence, according to the droplet size 




























Figure 4.4 Creaming stability of fresh emulsions (10% sunflower oil, pH 7.0) made 
with a binary mixture of WPI/β-CN (1:1 by weight) (■), a mixture of WPI/β-CNlabelled 
(1:1 by weight) (□), WPI alone (●) and β-CN alone (○), measured using a Lumifuge® 
stability analyser. Each data point is the average of four independent replicates.  
 




Figure 4.4 shows the creaming stability of the four fresh emulsions, measured by a 
multiple analytical centrifuge (LUMiFuge). The slope of the integral transmission-
time curve is an indicator of creaming stability, i.e. greater increases indicating lower 
stability. As shown in Figure 4.4, the four emulsions had very similar integral 
transmission values (~6%) at the starting point. After 1 h centrifugation, the WPI-
based emulsion presented the fastest increase in phase separation and the integral 
transmission (%) reached 51.2 ± 2. Meanwhile, emulsions prepared with β-CN alone, 
a mixture of WPI/β-CN or a mixture of WPI/β-CNlabelled had final values at 42.8 ± 
2.9, 43.2 ± 1.4 and 40.5 ± 1.4, respectively. This confirms that emulsions made with 
WPI alone were the most unstable system compared to the other three emulsions. 
These results confirm previous observations by Parkinson & Dickinson (2004) that 
the addition of β-casein can inhibit the creaming effect of whey protein-based 
emulsions. From Figure 4.4 it appears that emulsions stabilized with WPI/β-CNlabelled 
were slightly more stable than those with WPI/β-CN. However, no significant 
difference (p > 0.05) in the creaming stability could be determined between them 
(Table 4.1).  
The zeta (ζ)-potential of WPI/β-CN- and WPI/β-CNlabelled-based emulsions at pH 7.0 
was also measured (Table 4.1). Both emulsions had negative apparent surface 
charges, around -40 mV, which indicates that covalent labelling technique did not 
significantly (p > 0.05) change the apparent surface charge of the emulsion droplets. 
Furthermore, all emulsions displayed Newtonian behaviour. The absolute viscosity of 
emulsions with or without label, at a shear rate of 300 s-1 at day 0 and 3, are also 
shown in Table 4.1. After three days storage at 4 ˚C, emulsions showed exactly the 
same behaviours throughout the shear rate range of 10-300 s-1; there was no 
significant difference (p > 0.05) in viscosity at a shear rate of 300 s-1 at 25 ˚C.  




4.3.4 Microstructure of mixed protein-based emulsions 
The CLSM images of WPI/β-CN-based emulsion (control system) at 0 and 3d are 
shown in Figure 4.5. Both proteins and oil phase were non-covalently stained using 
Nile blue. It showed oil droplets (pseudocoloured blue) dispersed in a continuous 
phase generally with size less than 10 μm, which is consistent with the light 
scattering data (Table 4.1). Tromp, van de Velde, van Riel, & Paques (2001) stated 
the difficulty of testing functionality changes in covalently-labelled proteins due to 
the small quantities of labelled protein available. In this study, 0.5% (w/w) total 
protein was used as it was the minimum protein concentration required to prepare a 
stable emulsion. Proteins (pseudocoloured red) including WPI and β-CN were 
observed mostly at the surface of fat globules but not in the aqueous phase, which 
means there is no excess protein in this emulsion. In addition, it was found that the 
thickness of the absorbed protein layers was variable and that these proteins may 
appear either as a monolayer or in dense aggregates (Fig. 4.5 C0 and Fig. 4.6 A4, 
arrows). Comparing the microstructure of emulsions during storage clearly showed 
that the oil droplets tend to flocculate after 3 d, presumably due to the low pressure 
used during homogenization resulting in an incomplete coverage of emulsifiers on 
the surface of oil droplets (McClements, 2004).  






























Figure 4.5 Confocal micrographs of emulsions stabilized with WPI/β-CN acquired 
on day 0 (A0-C0) and 3 (A3-C3) during storage at 4 ˚C, showing the fluorescence 
signal corresponding to the 488 and 633 nm laser excitation combined (Dual channel) 
at zoom 1, 3 and 5. Arrows indicate variable thickness of the protein layer at the oil 
droplet interface. Scale bar: 10 μm. 




The nature of the absorbed layer is one of the most important factors determining the 
stability of emulsions. A combination of covalent and non-covalent staining 
techniques was used to visualize two proteins on the interface. The CLSM 
micrographs of fresh emulsions made with mixed proteins (WPI/β-CN) and with 
covalently labelled mixed proteins (WPI/β-CNlabelled) are shown in Figure 4.6 (A1-A4, 
B1-B4). The images show fat globules pseudocoloured blue (image A1 and B1), β-
CN pseudocoloured green (image B2), total proteins including both WPI and β-CN 
pseudocoloured red (image A3 and B3) and the overlay images (image A4 and B4), 
respectively. β-CNlabelled could be observed in emulsions while non-covalently 
labelled β-CN could not been seen (image B2 and A2), indicating that the covalent 
labelling technique allowed visualization of β-CN in a mixed protein-stabilized 
emulsion and that the fluorescent probe was not affected by homogenization. Overlay 
images (Fig. 4.6 B4, and Fig. 4.7 A3 and B3), showed a mix of green and red 
pseudocolours on the O/W interface, indicating both whey proteins and β-CN were 
co-localized at the surface of fat globules. The absorbed protein layer which is 
pseudocoloured either yellow (i.e. a mix of green and red channels) or green was β-
CN, whilst WPI was pseudocoloured red. Therefore, WPI could be distinguished 
from β-CN in emulsions using covalent and non-covalent labels. 

















































Figure 4.6 Confocal micrographs of fresh emulsions stabilized with WPI/β-CN or 
WPI/β-CNlabelled , showing the fluorescence signal corresponding to the 488 nm laser 
excitation (Blue channel, fat phase labelled by Nile Blue, image A1 and B1), the 
561nm laser excitation (Green channel, β-CN labelled by Rhodamine, image A2 and 
B2), the 633 nm laser excitation (Red channel, all proteins labelled with Nile Blue, 
image A3 and B3) and the 488, 561 and 633 nm laser excitation combined (Overlay 
channel, image A4 and B4). The arrow indicates protein presented in dense 
aggregates on the surface of the oil droplet. Scale bar: 10 μm. 




On increasing to higher zoom factors (Fig. 4.7), WPI (pseudocoloured red in the 
overlay channel, Fig. 4.7 A3) and β-CN (pseudocoloured yellow in the overlay 
channel, Fig. 4.7 A3) were observed simultaneously and co-localized at the O/W 
interface. Images also revealed other information (Fig. 4.7 B1-B3), for example, 
pixel intensity of three regions of interest (ROI) labelled ROI 1, ROI 2 and ROI 3 
taken at the interface was analysed using the Leica CLSM quantification tool. The 
pixel intensity of the green channel was the same as that of the red channel (~240) at 
ROI 1 while at ROI 2 the pixel intensity of red channel (106) was slightly higher than 
that of green channel (81). The intensity of green channel at ROI 3 was as low as that 
of the background (~13) whereas the red channel’s intensity was 55, which is much 
higher than its background (~6). All the free dye was expected to be removed by 
dialysis during the preparation of the β-CN-Rhodamine conjugate. Therefore, it was 
concluded that milk proteins were not evenly distributed at the surface of oil droplets 
and that the thickness of the interface depended on the type of protein. CLSM 
showed that β-CN produced a thicker layer (ROI 1 in Fig. 4.7 B3) than whey proteins 
(ROI 3 in Fig. 4.7 B3). This result appears to confirm the hypothesis of Parkinson 
and Dickinson (2004), who proposed that the absorbed whey protein layer was 
assumed to be thin, while the presence of casein molecules increased the effective 
thickness substantially, due to the “long dangling polypeptide tails” which are 
characteristic of β-CN molecules. 












































Figure 4.7 Confocal micrographs of emulsions stabilized with WPI/β-CNlabelled at 
different magnifications (zoom 5 and 6.3), showing the fluorescence signal 
corresponding to the 561 nm laser excitation (Green channel, image A1 and B1), the 
633 nm laser excitation (Red channel, image A2 and B2) and the 561 and 633 nm 
laser excitation combined (Overlay channel, image A3 and B3). Arrows indicate 
three regions (ROI 1, ROI 2 and ROI 3) of protein layer selected for image analysis. 
Scale bar: 10 μm. 





This study has shown that the covalent labelling of β-CN with NHS-Rhodamine led 
to a minor effect on the spectral properties of NHS-Rhodamine. The emulsification 
properties of β-CN were not affected by conjugating with Rhodamine. The use of 
covalently labelled β-CN in a mixed casein/whey proteins emulsion demonstrated 
that the covalent labelling of β-CN also had no effect on the physicochemical 
properties of the emulsions. Combining covalent and non-covalent staining 
techniques with CLSM allowed localisation of two protein ingredients surrounding 
oil droplets in an O/W emulsion. Despite the resolution limits of the microscope (~ 
250 nm), covalent labelling was shown to be a powerful approach that can be used to 
gain new insights in the surface properties of emulsions prepared with mixed 
proteins.  
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The objective of this study was to investigate the influence of protein profile on the 
physicochemical properties of model infant formulae (IF) prepared using β-casein-
enriched protein (β-CNen, ~58% β-casein in total protein) and whey protein isolate 
(WPI) ingredients with various whey protein:casein ratios (WP:CN). A model IF 
containing skim milk powder (SMP) and WPI (WP:CN ratio = 60:40) was used as 
control. Analysis of dynamic surface tension of the protein ingredients used in the 
preparation of the IF emulsions showed that the initial and equilibrium surface 
tension of β-CNen solutions were significantly (p < 0.05) lower than those of WPI 
and the control. The emulsions with 30% (w/w) total solids content, and their 
corresponding IF powders, were characterised using laser-light scattering, analytical 
centrifugation, rheology, optical tensiometry and microscopy. In conclusion, β-CN-
enriched model IF were successfully produced and they exhibited better 
emulsification but poorer stabilisation and rehydration properties compared with 
model first stage IF.  





Dairy proteins are classified into two main categories: caseins (CN) and whey 
proteins (WP). Casein is the principal protein constituent (80% of total protein) of 
bovine milk and exist as large colloidal particles called casein micelles in milk and 
milk-based products, such as reconstituted whole milk powder (WMP) and skim milk 
powder (SMP). These micelles are roughly spherical particles with a size range of 50 
to 600 nm and contain four different casein molecules: αs1-, αs2-, β- and κ-casein in 
the ratio 4:1:4:1 (Fox & Brodkorb, 2008). β-casein (β-CN) is the most hydrophobic 
of the caseins and exists in aqueous solution in a molecular or aggregated state 
depending on concentration, purity, temperature, calcium content, pH and ionic 
strength (Dauphas et al., 2005; Li et al., 2019; Moitzi et al., 2008; O'Connell et al., 
2003).  
The β-CN molecule is a single polypeptide chain consisting of 209 amino acids (AA) 
with a molecular weight of approximately 24 kDa. It has a flexible linear disordered 
secondary structure with no intramolecular disulphide bonds. β-CN is an amphiphilic 
phosphoprotein with a highly hydrophilic negatively-charged region towards the N-
terminus (first 50 AA) and a highly hydrophobic region at the C-terminus (the 
remaining 159 AA) (Huppertz, 2013a; Rollema, 1992). This well-defined 
amphiphilic structure confers excellent emulsification properties on β-CN in 
formulated food emulsion systems (Casanova & Dickinson, 1998a, 1998b; Li et al., 
2016; McCarthy et al., 2014). It has been reported that, compared to other caseins, β-
CN is more rapidly adsorbed at oil-water interfaces because it is more effective in 
reducing the interfacial tension between water and oil phases (Dickinson, 1989a, 
1999; Li et al., 2020; Parkinson & Dickinson, 2004). In addition, the presence of 




phosphoserine residues in β-CN provides the thickness and steric stability of the 
adsorbed protein layer surrounding fat globules, which protects against flocculation, 
coalescence and creaming (Dickinson, 1997; Drapala et al., 2018; McClements, 
1999). 
Whey proteins are globular proteins, which are sensitive to temperature. β-
lactoglobulin (β-Lg), as the dominant bovine milk whey protein, starts to denature at 
temperatures > 65 °C and is completely denatured by heating at 90 °C for 10 min 
(Brodkorb et al., 2016; O’Mahony & Fox, 2013). Following heat-induced 
denaturation, denatured whey proteins can interact with κ-casein (κ-CN) via 
intermolecular disulphide bonds to form whey protein/κ-casein complexes (i.e. 75 °C 
× 15 s) (Donato & Guyomarc'h, 2009). Many studies have shown that casein 
fractions (i.e. αs-, β- and κ-casein) can act in a similar manner as molecular 
chaperones to inhibit the thermal denaturation of whey proteins (Gaspard et al., 2017; 
Guyomarc'h et al., 2009; Kehoe & Foegeding, 2011, 2014; Yong & Foegeding, 2008).  
Infant formula (IF) is a suitable alternative for mothers who are unable, or choose not 
to breastfeed. It is specially designed with a composition that is based on that of 
human milk, and bovine milk-derived ingredients are normally used as the principal 
ingredients in the manufacture of IF. However, there are significant qualitative 
differences in protein profile of bovine and human milks. In bovine milk, the ratio of 
whey protein to casein (WP:CN) is about 20:80, while the WP:CN ratio of human 
milk is quite dependent on the stage of lactation, ranging from about 90:10 at the 
onset of lactation to 60:40 or 50:50 later in lactation (Rudloff & Kunz, 1997). 
Moreover, αs1- and β-casein are the most abundant caseins in bovine milk whereas 
human milk casein is dominated by β-CN. This makes β-CN-enriched products of 




interest for humanising the casein fractions of next generation IF (Crowley et al., 
2019; Li et al., 2019; McSweeney et al., 2013) 
With the development of separation technologies for milk proteins, adjustment of the 
protein profile of IF to more closely match that of human milk is becoming 
increasingly technologically feasible. Casein and whey protein fractions can be 
isolated from bovine milk and are now commercially available, such as α-lactalbumin 
(α-la)-enriched whey protein, β-CN- and κ-CN-enriched caseins (Atamer et al., 2017; 
O’Regan, Ennis, & Mulvihill, 2009), which are attractive ingredients for humanised 
IF. Some studies have been carried out investigating the properties of IF enriched 
with α-la (Barone, Moloney, O'Regan, Kelly, & O'Mahony, 2020; Barone, O'Regan, 
& O'Mahony, 2019; Buggy, McManus, Brodkorb, McCarthy, & Fenelon, 2016; 
Crowley, Dowling, Caldeo, Kelly, & O’Mahony, 2016; Lien, 2003). However, there 
is limited information available on the use of selectively-enriched casein fractions in 
IF, specifically those enriched in β-CN. 
The main objectives of this study were to produce novel model IF using a β-CN-
enriched product (β-CNen) in different WP:CN ratios and to determine the effect of 
protein profile on the physicochemical properties (physical, microstructural and 
rehydration properties) of β-CN-enriched IF.  




5.2 Materials and methods 
5.2.1 Materials 
β-casein-enriched protein product (β-CNen; Ultranor® Y044) was kindly provided by 
Kerry Ingredients (Charleville, Co. Cork, Ireland) and had 85.73% total protein, 
which included ~37.3% αs-casein, ~58.3% β-CN and ~4.3% κ-CN. The protein 
profile of β-CNen was analysed using reversed-phase high performance liquid 
chromatography (RP-HPLC) and SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) as described previously by Li et al. (2019, Chapter 2). Whey protein isolate 
powder (WPI, BiPRO®, 92.2% protein) was obtained from Davisco Foods 
International Inc (Le Sueur, Minnesota, USA). Lactose powder was sourced from 
Glanbia Nutritionals (Carlow Rd., Co. Kilkenny, Ireland). Sunflower oil was 
purchased from a local retail outlet, and low-heat skim milk powder (SMP, 37.54% 
protein, consisting of casein and whey protein in the ratio 80:20) was obtained from 
Cloverhill Food Ingredients (Millstreet, Co. Cork, Ireland). The protein content of 
powders was determined using Kjeldahl analysis according to IDF Standard No. 26 
(IDF, 2001) using a nitrogen-to-protein conversion factor of 6.38. Sodium chloride 
(NaCl), potassium chloride (KCl), calcium chloride dihydrate (CaCl2·2H2O) and 
magnesium chloride hexahydrate (MgCl2·6H2O) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). CaHPO4·2H2O was supplied by Alfa Aesar (Thermo Fisher 
Scientific, Rockford, Il, USA). Unless otherwise specified, all other reagents were 
purchased from Sigma-Aldrich.  
5.2.2 Dynamic surface tension analysis 
Measurements of dynamic surface tension of the protein ingredients used in the 




preparation of the IF emulsions were carried out using an optical tensiometer 
(Attension Theta, Biolin Scientific Ltd., Espoo, Finland), based on a pendant drop 
procedure. Protein solutions were prepared in distilled water at a protein 
concentration of 13 g l-1, with agitation for overnight at 4 °C. The pH of all samples 
was adjusted to 6.8 ± 0.02 with 1 M HCl or NaOH, after which the protein solution 
was filled into a syringe which was attached to the syringe clamp. The height of the 
needle was adjusted until the tip was visible on the screen and a droplet of 5 μl 
volume was set up. In order to minimize the effects of evaporation, the needle and 
drop were sealed in an air-tight cuvette containing distilled water at the bottom. 
Surface tension was recorded continuously from 0 to 60 min after forming the drop at 
room temperature (20 ± 1 °C). 
5.2.3 Preparation of emulsions 
β-CN-enriched model infant formulae (IF) were prepared using sunflower oil, lactose, 
β-CNen and WPI ingredients with ratios of fat:lactose:protein of 3.5:7.3:1.3, 
respectively. Emulsions (30%, w/w, total solids) were designed to give different whey 
protein:casein (WP:CN) ratios of 100:0, 80:20, 70:30, 60:40, 50:50 and 0:100, which 
will be referred to hereafter as E[100:0], E[80:20], E[70:30], E[60:40], E[50:50], 
E[0:100], respectively. Model first stage IF (WP:CN=60:40) made with sunflower oil, 
lactose, SMP and WPI ingredients at the same fat:lactose:protein ratios as β-CN-
enriched model IF, was used as a control. Each batch (10 kg) was prepared as follows: 
lactose was dissolved in preheated reverse osmosis (RO) water (~70 °C), using a 
mixer to aid reconstitution. Approximately one third of the total fat was added to the 
batch to reduce foaming before addition of protein. The pre-mixed protein solution 
was then added when batches were at ~55°C, before addition of the remaining fat. In 




order to keep concentrations of the main minerals the same (target levels of 51.5, 
67.1, 57, 6.1 and 45.3 mg/100 g for Na, K, Ca, Mg and P, respectively) for each end 
products, suitable amount of salts, namely NaCl, KCl, CaCl2·2H2O, MgCl2·6H2O and 
CaHPO4·2H2O (Table 5.1), were pre-mixed in deionized water and added to the 
formulations, after which the mixtures were adjusted to pH 6.8 using 2 M NaOH, and 
further stirred for 15 min before processing.  
 












Control 49 0.0 0.0 0.0 0.0 
E[100:0] 72.4 0.0 123 46.5 231 
E[80:20] 43.5 0.0 124 47.1 209 
E[70:30] 29 0.0 124 47.3 198 
E[60:40] 14.5 0.0 125 47.6 187 
E[50:50] 0.0 0.0 125 47.8 176 
E[0:100] 0.0 3.36 128 49.1 121 
 
 
The coarse emulsions were homogenized using an in-line two-stage valve 
homogenizer (model Twin Panda NS2002H 400, GEA Niro Soavi, Parma, Italy) with 
1st and 2nd stage pressures of 200 and 50 bar. Post-processing, sodium azide (0.02%) 
was added to the emulsions to inhibit microbial growth. Total solids (TS) content, fat 
globule size (FGS) and emulsion stability analyses were performed immediately, with 
the remaining sample being held at 4 °C overnight with gentle agitation for viscosity 
analysis after 24 h. The total solids content of emulsions were determined using a 




Smart System 5, Smart Trac System (CEM Corporation, Matthews, NC, USA). In the 
current study, IF enriched with β-CN had increased β-CN:αs-CN ratio, in particular 
E[60:40], which contained nearly twice the amount of β-CN of regular first stage IF, 
resulting in the protein composition of the model IF developed in this study matching 
more closely that of human milk (Fig. 5.1). 
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Figure 5.1 Protein profile of human milk, typical first-stage infant formula and β-
casein enriched first-stage infant formula including whey protein (■), αs-casein (■), 
β-casein (■) and κ-casein (
Beta-casein enriched IF
1 2 3 4
). 
 
5.2.4 Spray drying of emulsions 
Emulsions were spray-dried using a pilot-scale Andydro spray dryer (model Plate No. 
3 Type I KA, Copenhagen, Denmark) equipped with a two-fluid nozzle atomization 
system (Type 1/8 JAC 316ss) operating in counter-flow drying configuration. Inlet 
and outlet temperatures of the spray dryer were set at 185 and 85 °C, respectively. All 
emulsions and powders were manufactured in independent triplicates. The powders 




were stored in the dark at ambient conditions (~20 °C) until further analyses, which 
were performed within 4 weeks of spray drying.  
5.2.5 Particle size analysis of emulsions and powders 
Fat globule size (FGS) of emulsions was measured by static light-scattering as 
detailed by Li et al. (2016, Chapter 4) with a wet dispersion unit (Mastersizer 3000, 
Malvern Instruments Ltd,, Worcestershire, UK). The size distribution was obtained 
using polydisperse analysis, while droplet size measurements of emulsions were 
recorded as the Sauter mean diameter (D3,2) and the volume-weighted mean (D4,3).  
Powder particle size was determined as described by Kelly, O’Mahony, Kelly, & 
O’Callaghan (2016) using the Aero S dry powder dispersion unit with some 
modifications. The powder sample was fed into the dispersion system at a feed rate of 
100% to keep the laser obscuration level at 0.5-10%. Compressed air at 0.32 MPa 
was used to transport and suspend the powder particles through the optical cell and a 
measurement time of 10 s was used. Powder particle sizes were presented as D3,2, 
D4,3 and DV,0.9, i.e. the size below which 90% of total volume of fat globules exist. All 
measurements were performed in triplicate.  
5.2.6 Emulsion stability 
The creaming stability of emulsions was determined using an analytical centrifuge 
(LUMiFuge 116 stability analyser, L.U.M. GmbH, Berlin, Germany) as described 
previously by Li et al. (2016, Chapter 4). The results were expressed as the integral 
transmission percentage as a function of time, whereby the slope is directly related to 
the creaming stability of emulsions, with lower values indicating better creaming 
stability. 
 




5.2.7 Rheological measurements 
5.2.7.1 Apparent viscosity of emulsions 
Measurement of apparent viscosity was performed using a controlled-stress 
rheometer (AR2000ex Rheometer, TA Instruments, Crawley, UK) as described by  Li 
et al. (2016, Chapter 4) with minor modifications. Each sample (~18 g) was placed 
into a concentric cylinder geometry, followed by equilibration for 2 min. The 
measurement was performed over a shear rate range of 0-300 s-1 over 3 min, followed 
by holding at 300 s-1 for 1 min at 25 °C. The average apparent viscosity measured at 
300 s-1 was used to compare the rheological properties of the formulations. 
5.2.7.2 Viscosity of emulsions on heating 
Emulsions (28 g) were heated in a controlled-stress rheometer (AR2000ex Rheometer, 
TA Instrument, Crawley, UK), equipped with a starch pasting cell (SPC) geometry. 
The heating programme used allowed sample equilibration for 2 min at 25 °C with no 
shearing, followed by holding for 5 min at 25 °C, heating at 15 °C/min to reach 95 °C, 
peak temperature hold for 10 min, cooling at 15 °C/min to reach 25 °C and holding at 
25 °C for 5 min while constantly shearing at a rate of 15 s−1 throughout analysis. 
Apparent viscosity was recorded at 10 s intervals during the heating programme, and 
all measurements were performed four times. 
5.2.8 Compositional analysis of powders 
Protein content of powders was determined using the Kjeldahl method (IDF, 2001) to 
measure total nitrogen and using a nitrogen-to-protein conversion factor of 6.38. Fat 
and surface free fat contents of powders were analysed using the IDF Standard No. 1 
gravimetric method (IDF, 2010) and the GEA Niro analytical method (GEA Niro, 
2005), respectively. Lactose content was measured by high performance liquid 




chromatography (HPLC) as described by Pirisino (1983). Moisture content was 
determined using a halogen rapid moisture analyser (HR-83 Halogen, Mettler Toledo, 
Greifensee, Switzerland); the samples were dried at 105 °C until a constant weight 
was attained (< 1 mg change over 140 s, equivalent to ± 0.025%). Water activity (aw) 
was measured with a Novasina LabMaster Neo benchtop water activity meter 
(Novatron Scientific Ltd., West Sussex, UK). Ash content was determined after 
overnight incineration at 550 °C.  
5.2.9 Rehydration properties of powders  
Static contact angle (θ) is the tangent angle at the contact point of liquid, solid and air 
phases and is an important index of the wettability of powders. In this study, the 
dynamic contact angle was monitored using an optical tensiometer (Attension Theta, 
Biolin Scientific Ltd., Espoo, Finland) as detailed by Ji et al. (2016), with minor 
modifications. Sample powder was loaded into a HPLC vial lid and a smooth surface 
was formed for the powder bed by passing a spatula across the surface. A set volume 
10 μl of deionised water droplet was gently dropped onto the surface of the powder 
bed and the change in contact angle as a function of time was recorded at 20 ± 1 °C. 
Measurements were repeated five times and results are presented as the average of 
triplicate analyses. The dispersibility of powders was measured using the GEA Niro 
No. A 6a analytical method (GEA Niro, 2005). 
5.2.10 Microstructural analysis of emulsions and powders 
5.2.10.1 Confocal laser scanning microscopy 
Confocal laser scanning microscopy (CLSM) analysis of both emulsions and powder 
samples was performed using a Leica TCS SP5® microscope (Leica Microsystems 
GmbH, Wetzlar, Germany). A mixed fluorescent dye containing Nile red (0.01% in 




PEG200) and Nile blue (0.01% in distilled water) in a ratio of 3:1 was used to label 
the fat and protein components of the samples. For emulsion samples, 50 μl of the 
mixed dye was added to 1 ml of liquid emulsion and mixed thoroughly, then 10 μl of 
each mixture was deposited on a cavity slide. However, in order to minimise damage 
to the structure of heat-induced coagulated emulsions, the sample preparation was 
slightly modified: a small piece of coagulated sample was cut with a smooth surface 
using a spatula and placed on a cavity slide, after which 10 μl of the mixed dye was 
added on the sample. For powders, sample was deposited onto a glass slide and any 
excess sample was removed with compressed air, after which 10 μl of the mixed dye 
was placed on the sample. 
The slide was observed under the microscope at room temperature. The analysis was 
performed using a 63 X oil immersion objective (numerical aperture 1.4) at excitation 
wavelengths of 488 nm (emission detected between 515 and 589 nm) to detect fat 
and 633 nm (emission detected between 655 and 734 nm) to observe protein, 
provided by Argon and He/Ne lasers, respectively. Images (8 bit) were acquired in 
512 X 512 pixels using dual channel imaging. 
5.2.10.2 Scanning electron microscopy  
Scanning electron microscopy (SEM) analysis of powders was performed using a 
Zeiss Supra 40P field emission SEM (FE-SEM; Zeiss Supra Gemini, Darmstadt, 
Germany) as described by McCarthy et al. (2013). Representative micrographs were 
taken at 2.00 kV at 1000× (i.e. overview of powder population) and 5000× (i.e. shape 
and surface topography of powder particles) magnifications. At least three specimens 
of each sample were observed to obtain representative micrographs of samples. 
 




5.2.11 Statistical analysis 
The preparation of protein solutions, model IF emulsions or powders, and subsequent 
analyses, was performed in independent triplicate trials. One-way analysis of 
variance (ANOVA), followed by Tukey’s test, was carried out using the Minitab 16 
(Minitab Ltd, Coventry, UK, 2007) statistical analysis package. Differences were 
regarded as significant at p-value < 0.05.  




5.3 Results and discussion 
5.3.1 Influence of protein profile on surface tension of protein 
solutions 
The dynamic surface tension of six protein solutions (WP:CN ratios of 100:0, 80:20, 
70:30, 60:40, 50:50 and control) was recorded over 60 min (Fig. 5.2). The results 
demonstrated that the surface tension initially decreased and then equilibrated over 
time for all protein solutions. The measured initial and equilibrium surface tension 
after 1 h of all protein solutions were markedly lower than that of water (γ=72.86 ± 
0.05 mN m-1 at 20 °C, considered as a clean surface) (Pallas & Harrison, 1990), 
confirming the strong ability of proteins to reduce surface tension. The WPI only 
solution (100:0) showed the highest surface tension (γI[100:0]=56.9 ± 0.3 mN m
-1), 
while significantly (p < 0.05) lower surface tension values were measured in protein 
solutions containing caseins (γI[50:50]=42.9 ± 0.24 mN m
-1; γI[60:40]=43.6 ± 0.07 mN m
-
1; γI[70:30]=44.4 ± 1.11 mN m
-1; γI[80:20] =46.9 ± 0.53 mN m
-1; γIcontrol=50.9 ± 0.55 mN 
m-1) (Fig. 5.2). These results are consistent with previous studies (Fang, Wang, & 
Bhandari, 2013; Li et al., 2016; Wilson, Mulvihill, Donnelly, & Gill, 1989; Wüstneck 
et al., 1996) which reported that caseins, especially β-CN, were more surface-active 
and effective in reducing surface/interfacial tension than whey proteins, due to their 
relatively flexible structure and higher surface hydrophobicity. 





Figure 5.2 Dynamic surface tension of protein solutions containing different ratios of 
whey protein:casein (WP:CN): a mixture of whey protein isolate (WPI)/skim milk 
powder (WP:CN=60:40) (control; ◆); WPI alone (WP:CN=100:0; ◇); a mixture of 
WPI/β-casein enriched powder (β-CNen) (WP:CN=80:20; ■); a mixture of WPI/β-
CNen (WP:CN=70:30; □); a mixture of WPI/β-CNen (WP:CN=60:40; ▲) and a 
mixture of WPI/β-CNen (WP:CN=50:50; △); In all cases measurements were taken 
at 20 °C, pH 6.8 using an optical tensiometer. The error bars represent the standard 
deviation of the mean. The inset figure shows the surface tension of protein solutions 
over the first 10 min of measurement. 
 
In addition, compared with protein solutions prepared with a mixture of WPI and 
SMP (control), β-CNen solutions (i.e. 80:20; 70:30; 60:40; 50:50) displayed 
significantly (p < 0.05) lower surface tension throughout the measurements (Fig. 5.2). 
This could be attributed to the association state of caseins in β-CNen and SMP, in 
which caseins naturally exist in micellar form. Previous studies have shown that free 
or less-associated caseins were more surface-active than caseins in micellar or 
aggregated form as the latter exhibited slower rearrangement of their structure at the 




air-water interface than free caseins (Euston & Hirst, 1999; Mulvihill & Murphy, 
1991). A slow decline in surface tension was also observed for the control sample 
(Fig. 5.2). This might be explained by the higher molecular weight of micellar 
caseins in SMP leading to a slower molecular mobility, compared with β-CN and 
whey proteins (Mulvihill & Murphy, 1991; O’Mahony & Fox, 2013). 
Furthermore, it was observed that the surface tension of the mixed protein solutions 
decreased with increasing proportion of β-CN (Fig. 5.2). The γEq[50:50] value (37.9 ± 
0.4 mN m-1) was significantly lower than γEq[60:40] (39.3 ± 0.54 mN m
-1), γEq[70:30] 
(39.8 ± 0.41 mN m-1) and γEq[80:20] (40.3 ± 0.26 mN m
-1), confirming the effectiveness 
of β-CN in reducing surface tension (Dickinson, 1999; Huppertz, 2013a). 
5.3.2 Characteristics of β-casein-enriched model infant formula 
emulsions 
β-CNen model IF emulsions were produced with a total solids content of 30% before 
spray drying and selected physicochemical properties of the emulsions were assessed 
(Table 5.2). Analysis of FGS showed that all emulsions had a monomodal fat globule 
size distribution with a mean volume diameter (D4,3) less than 1 μm. No significant 
differences (p > 0.05) in fat globule size were observed between emulsions, although 
the emulsions enriched in β-CN (E[80:20], E[70:30], E[60:40], E[50:50] and 
E[0:100]) had smaller fat globule sizes (both D3,2 and D4,3) compared with emulsions 
formulated with SMP (control). This difference could be attributed to the greater 
surface activity of the protein (i.e. β-CN) in β-CNen, which provided better 
emulsification, compared to skim milk (see Section 5.3.1). 
In terms of creaming stability, the WPI-only emulsion (E[100:0]) demonstrated the 
highest slope of the percentage integral transmission against time after 1 h 




centrifugation (5.72 ± 0.16 % h-1), indicating that emulsions stabilised only with 
WPI were the least stable. When a proportion (20-100%) of WP was replaced by 
caseins (either SMP or β-CNen product), the creaming stability was improved (Table 
5.2). This is consistent with the results of Parkinson & Dickinson (2007) and Li et al. 
(2016) who stated that the addition of sodium caseinate or β-CN increased creaming 
stability of whey protein-based emulsions. However, compared to the control sample, 
β-CN-enriched emulsions had significantly (p < 0.05) lower stability. 
The apparent viscosity of emulsions was also measured throughout the shear rate 
range of 0-300 s-1 and the apparent viscosity of emulsions at a shear rate of 300 s-1 
are shown in Table 5.2. All emulsions displayed Newtonian behaviour, and the 
viscosity of β-CN-enriched emulsions increased with increasing proportion of β-
CNen. However, no significant differences were found between samples, except for 
E[0:100] which was significantly (p < 0.05) more viscous than the other samples, 
possibly due to the concentration-dependent association of caseins in β-CNen product 
(See Chapter 2, additional work; de Kruif & Grinberg, 2002). These data demonstrate 
that, while protein profile significantly influenced the surface activity of the protein 
solutions, it had less of an effect on the physicochemical properties (i.e. fat globule 
size, creaming stability and viscosity) of the emulsions. 




Table 5.2 Physicochemical properties of β-casein-enriched model infant formula emulsions containing 3.2, 8.7 and 18.1 g/100 ml of protein, fat 
and lactose, respectively, with different whey protein to casein (WP:CN) ratios. The control is the emulsion prepared using WPI and skim milk 
powder in a WP:CN ratio of 60:40. 
Emulsion WP:CN Total solids Size D3,2 
1 Size D4,3 
1 Creaming stability 2 Viscosity 3 
  (%) (μm) (μm) (%/h) (mPa∙s) 
Control 60:40 30.2±0.20a 0.65±0.05a 0.95±0.08a 1.84±0.45a 5.21±0.19a 
E[100:0] 100:0 30.2±0.13a 0.61±0.05ab 0.86±0.10ab 5.72±0.16b 4.72±0.11b 
E[80:20] 80:20 30.3±0.14a 0.57±0.03ab 0.78±0.06b 5.23±0.30bc 4.79±0.09b 
E[70:30] 70:30 30.6±0.15a 0.53±0.02b 0.72±0.04b 4.36±0.96bc 4.93±0.02bc 
E[60:40] 60:40 30.5±0.06a 0.58±0.03ab 0.78±0.05ab 4.64±0.78bc 5.09±0.03ac 
E[50:50] 50:50 30.7±0.31a 0.56±0.02ab 0.75±0.05b 3.78±0.54cd 5.30±0.04a 
E[0:100] 0:100 30.3±0.06a 0.58±0.004ab 0.76±0.002b 2.66±0.03ad 6.98±0.03d 
Within a column, (a-d)values with different superscript letters are significantly different (p < 0.05). 
1 Size D3,2, the Sauter mean diameter; Size D4,3, the volume-weighted mean diameter. 
2 The slope of the integrated transmission percentage against time curve. 
3 Apparent viscosity of unheated emulsions at shear rate 300 s-1 at 25° C. 




5.3.3 Effect of protein profile on the heat stability of β-casein-
enriched model infant formulae 
Heat stability is one of the most important physicochemical properties of IF as they 
are commonly subjected to several heating steps during their manufacture (Jiang & 
Guo, 2014). The heat stability of model IF emulsions was studied using confocal 
laser scanning microscopy and dynamic viscosity measurements as a function of 
temperature. The apparent viscosity profiles of the emulsions during a 
heating/cooling cycle (25–95–25 °C) are presented in Fig. 5.3. The viscosity of the 
emulsions varied from 28.6 to 33 mPa∙s prior to heating with no significant (p > 0.05) 
differences between samples (Table 5.3). On increasing temperature from 25 to 95 °C 
(~5 min), there was a slight decrease in viscosity for all emulsions in the first 4 min, 
followed by a sharp increase in viscosity at temperatures greater than 85 °C for β-CN 
-enriched emulsions stabilised with a WP:CN ratio of 100:0 (E[100:0]), 80:20 
(E[80:20]) and 70:30 (E[70:30]) (Fig. 5.3). The apparent viscosity of E[60:40] and 
E[50:50] also increased during heat treatment, but to a lesser extent. This increase in 
viscosity could be attributed to denaturation and aggregation of milk proteins. On one 
hand, whey proteins, in particular β-lg, unfold and expose hydrophobic sites and free 
sulphydryl groups (-SH) upon heating, thereby forming protein aggregates via inter-
molecular disulphide bonds (Brodkorb et al., 2016; Dickinson & Parkinson, 2004; 
Drapala, Auty, Mulvihill, & O'Mahony, 2016; Jeurnink & De Kruif, 1993). On the 
other hand, β-CN exhibited thermal-induced association behaviour as studied in 
Chapter 2. 
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Figure 5.3 Apparent viscosity profiles of emulsions stabilised with a mixture of whey 
protein isolate (WPI)/skim milk powder (WP:CN=60:40) (control; ◆); WPI alone 
(WP:CN=100:0; ◇ ); a mixture of WPI/β-casein enriched powder (β-CNen) 
(WP:CN=80:20; ■); a mixture of WPI/β-CNen (WP:CN=70:30; □); a mixture of 
WPI/β-CNen (WP:CN=60:40; ▲); a mixture of WPI/β-CNen (WP:CN=50:50; △) or 
β-CNen alone (WP:CN=0:100; ○) during heat treatments in a starch pasting cell 
(SPC) with peak temperature hold of 95 °C for 10 min. The dashed line represents the 
temperature profile. The error bars represent the standard deviation of the mean. 
 
After holding for 10 min at 95 °C, sample E[100:0] had an apparent viscosity of 1314 
mPa∙s, which was about 6 times higher than that of E[80:20] and E[70:30], and more 
than 20 times higher than that of E[60:40] and E[50:50] (Table 5.3). When samples 
were cooled to 25 °C, distinct phase separation was observed for samples E[100:0], 
E[80:20] and E[70:30] (Fig. 5.4, inserted images). The other emulsions also showed 
significant increases in viscosity, except for E[0:100], the viscosity of which 
remained unchanged after heat treatment (Table 5.3). This suggests that emulsions 
stabilised with β-CN-enriched casein fraction alone were stable during heating (95°C 




× 10 min), which further confirmed that the denaturation of whey proteins and the 
subsequent irreversible aggregation (i.e. interactions between denatured WP or 
denatured WP and κ-CN) resulted in the destabilisation of WP-based emulsions, and 
the formation of protein-fat complexes (Corredig & Dalgleish, 1999; Wijayanti et al., 
2014). In addition, increasing the proportion of casein led to lower viscosity 
development upon heating. This may be linked to lower level of whey protein in the 
formulation and/or the known chaperone-like effect of caseins on the heat-induced 
denaturation of whey proteins (Gaspard et al., 2017; Kehoe & Foegeding, 2014; 
Morgan et al., 2005; Yong & Foegeding, 2008). Furthermore, compare to the 
viscosity result of E[60:40], control sample showed significant lower values 
throughout the heating and cooling process.  




Table 5.3 Apparent viscosity of β-casein-enriched model infant formula emulsions with different protein profile at different stages of heat 
treatment using a starch pasting cell. The heating programme includes holding for 5 min at 25 °C, heating to 95 °C (heating rate of 15 °C/min), 
peak temperature hold for 10 min, and then cooling to 25 °C at the same rate and holding at 5 °C for 5 min at a constant shear rate of 15 s-1. 
Measurement stage Viscosity (mPa∙s) 
 Control E[100:0] E[80:20]  E[70:30] E[60:40] E[50:50] E[0:100] 
Pre-heating (25°C for 5 min)  28.6±1.40Aa 28.3±1.48Aa 30.0±2.17a 31.3±3.69Aa 29.1±1.03Aa 33.0±4.31Aa 32.9±1.07Aa 
Reaching peak temperature 
(95°C) 
20.6±1.32Ba 603±232* 154±21.8* 40.26±10.1Ab 30.8±4.14Aab 35.9±5.28Abc 26.9±4.33Bac 
Peak hold for 10 min at 95°C 40.3±3.68Ca 1314±692* 211±82.4* 224±95.8* 68.1±11.94Bb 41.4±1.75Aa 27.4±2.50BCc 
Post-heating/cooling  
(25°C for 5 min) 
71.7±4.83Da 965±295* 774±302* 679±105* 98.4±1.42Cb 54.7±6.06Bc 32.7±0.38ACd 
(A–D)Values within a column (vertical) not sharing a common superscript differed significantly (p < 0.05). 
(a–d)Values within a row (horizontal) not sharing a common superscript differed significantly (p < 0.05). 
* means value was not included for statistical analysis. 




Confocal microscopy analysis provided a better understanding of the heat-induced 
destabilisation of emulsions (Fig. 5.4). Before heat treatment, all emulsions showed 
oil droplets (pseudocoloured green) dispersed in a continuous serum phase 
(pseudocoloured red) with no evidence of aggregation (Fig. 5.4A-F). After heating 
(95°C × 10 min), clear differences in microstructure were observed between samples 
with extensive aggregation in E[100:0], E[80:20] and E[70:30], as evidenced by the 
deformed fat droplets entrapped by the protein aggregates (pseudocoloured red) and 
the very low signals in serum phase (Fig. 5.4H-J). The size of the complexes formed 
between proteins and fat of E[60:40] was markedly smaller than that of E[100:0], 
E[80:20] and E[70:30] (Fig. 5.4K), suggesting a lesser extent of heat-induced 
aggregation in E[60:40], which was well correlated with the visual appearance and 
the results from dynamic viscosity measurements (Table 5.3 and Fig. 5.4). A 
substantial stabilising effect was observed for E[50:50] in CLSM, which showed oil 
droplets homogeneously dispersed in the serum phase before and after heat treatment 
(Fig. 5.4), although a slight increase in viscosity was observed after the 
heating/cooling process (Table 5.3). This finding is also supported by the recent work 
of Kelleher et al. (2020), who reported that the addition of casein provided a 
significant protective effect against the denaturation of α-la for protein solutions with 
WP:CN ratios of 50:50 and 20:80.  












Figure 5.4 Confocal micrographs of infant formula emulsions stabilized with a 
mixture of whey protein isolate (WPI)/ skim milk powder (WP:CN=60:40; Control); 
WPI alone (WP:CN=100:0; E[100:0]); a mixture of WPI/β-casein enriched (β-CNen) 
(WP:CN=80:20; E[80:20]); a mixture of WPI/β-CNen (WP:CN=70:30; E[70:30]); a 
mixture of WPI/β-CNen (WP:CN=60:40; E[60:40]) or a mixture of WPI/β-CNen 















Figure 5.4 (WP:CN=50:50; E[50:50]) before (A-F, respectively) and after heat 
treatment at 95 °C for 10min (G-L, respectively), showing the fluorescence signal 
corresponding to the 488 and 633 nm laser excitation combined (Dual channel). 
Green indicates fat globules; red indicates protein. Scale bar: 10 μm. The inset 
images show the visual appearance of each heated emulsion. 




It is worth noting that, although the heated emulsions prepared with WPI/SMP 
(control) displayed a homogeneous liquid appearance, without visible signs of 
instability, CLSM images (Fig. 5.4) showed a certain level of protein aggregation, as 
shown by the stronger fluorescent signal for denatured protein compared with native 
protein (van de Velde et al., 2003). This may, at least partly, explain the greater 
viscosity on heat treatment (Fig. 5.3 and Table 5.3). Compared with E[60:40], control 
emulsions presented lower heat-induced aggregation according to the viscosity and 
CLSM results, suggesting that casein micelles provided greater protection against 
heat-induced destabilisation of whey protein-based emulsions compared to the β-
CNen product at the same WP:CN ratio.  




Table 5.4 Composition of β-casein-enriched (β-CNen) model infant formula powders formulated using whey protein isolate (WPI) and β-CNen 















Control 60:40 10.6±0.12a 27.4±1.06a 2.01±0.18a 56.3±0.73ab 1.74±0.13a 1.62±0.02a 
P[100:0] 100:0 10.6±0.15a 27.4±0.89a 1.97±0.48a 56.6±0.45a 1.73±0.23a 1.52±0.14a 
P[80:20] 80:20 10.6±0.49a 28.2±0.48a 1.88±0.11a 55.6±0.06ab 1.67±0.41a 1.53±0.06a 
P[70:30] 70:30 10.3±0.18a 28.4±0.73a 2.09±0.72a 54.9±0.89b 2.33±1.24a 1.48±0.13a 
P[60:40] 60:40 10.3±0.34a 28.3±0.69a 2.97±0.59a 55.3±0.35ab 2.59±0.34a 1.46±0.04a 
P[50:50] 50:50 10.3±0.28a 28.1±0.62a 3.47±1.59a 55.0±0.22b 2.52±0.56a 1.58±0.08a 









Table 5.5 Physical properties of β-casein-enriched (β-CNen) model infant formula powders formulated using whey protein isolate (WPI) and β-
CNen with different whey protein:casein (WP:CN) ratios. Control is the powder prepared using WPI and skim milk powder in a WP:CN ratio of 
60:40. 
Powder  WP:CN ratio Particle size parameter (μm) 1 Water activity  Contact angle 2 Dispersibility index  
  D3,2  D4,3 DV,0.9 (Aw) (°) (%) 
Control 60:40 7.81±0.75a 28.7±2.23a 54.0±2.11a 0.15±0.01a 9.34±0.27a 92.9±3.44a 
P[100:0] 100:0 6.99±0.56ab 24.8±1.92ab 47.1±2.48b 0.14±0.02a 4.29±0.53b 94.0±3.29a 
P[80:20] 80:20 7.40±1.05ab 26.9±3.15ab 48.8±4.9ab 0.16±0.02a 9.28±1.44a 77.8±6.44b 
P[70:30] 70:30 6.76±0.39ab 26.0±1.08ab 46.8±2.13b 0.20±0.08a 13.7±0.89c 62.0±3.40c 
P[60:40] 60:40 6.36±0.53b 24.3±2.01b 45.2±4.06b 0.20±0.03a 14.9±0.95c 53.2±1.27cd 
P[50:50] 50:50 6.66±0.36ab 25.6±2.42ab 47.5±4.34b 0.23±0.01a 15.1±0.33c 50.6±0.75d 
Within a column, values with different superscript letters(a-d) are significantly different (p < 0.05). 
1 Particle size parameters: D3,2, the Sauter mean diameter; D4,3, the volume-weighted mean diameter; Dv,0.9 representing particle size in the 90% 
quantiles of the distribution. 
2 Contact angle representing wettability measured at 200 s using an optical tensiometer. 
 




5.3.4 Powder characteristics  
5.3.4.1 Composition of powders 
Compositional analysis of model IF powders showed that the measured nutrient 
levels (Table 5.4) were as intended from the formulation (10.7% protein, 28.9% fat 
and 60.3% lactose) for all samples (i.e. 10.3-10.6% protein and 27.4-28.4% fat), 
except for lactose (54.9-56.6%), the levels of which were slightly lower than intended. 
No significant differences (p > 0.05) were found in protein, total fat, moisture or ash 
contents of the powders.  
5.3.4.2 Particle size distribution 
All powders had relatively small particle sizes (i.e. D V,0.9 of 45.2-54 μm) (Table 5.5) 
compared to typical agglomerated dairy powders (i.e. D V,0.9 > 200 μm) (Gaiani et al., 
2007). IF formulated with WPI and SMP (control) had the biggest powder particle 
size, whereas the smallest particles were observed in β-CNen IF with the same 
WP:CN ratio (i.e. P[60:40], Table 3). No significant difference (p > 0.05) in particle 
size was observed between powders prepared with β-CNen at different WP:CN ratios.  
5.3.4.3 Microstructure of powders 
Combining SEM with CLSM allows visualisation not only of the morphology (i.e. 
shape and surface) but also the distribution of protein and fat on dairy powder 
particles (Drapala, Auty, Mulvihill, & O’Mahony, 2017; McCarthy et al., 2013) The 
SEM micrographs of model IF powders in the current study are shown in Figure 5.5. 
Spherical particles were observed in all powders with some evidence of spontaneous 




particle agglomeration (Fig. 5.5 A1-6). At high magnification (Fig. 5.5 B1-6), it was 
clear that the individual particles in each powder looked similar with a relatively 
smooth surface, despite the different protein profiles.  
Cracks on the particle surface were possibly formed due to the high temperature 
during drying process, which can cause an expansion of trapped air bubbles 
(Chandrapala, 2018). In addition, a large number of tiny bumps were observed on the 
surface of particles, which are likely to be fat globules according to the fat globule 
size measurement (Table 5.2) and previous work of McCarthy et al. (2013), who 
found that fat was the main component at the surface of powder particles, followed 
by protein and lactose.  
The CLSM micrographs of model IF powders (P[60:40] provided as a representative 
of all samples, Fig. 5.6) showed similar inner structure of particles in all powders, 
with small oil droplets distributed in the protein/lactose mixture enclosed within the 
spherical particles, in agreement with the previous CLSM studies (Auty et al., 2001b; 
Drapala et al., 2017). Numerous occluded oil droplets within powder particles were 
observed, both at the surface and in the interior of particles, which is consistent with 
the low measured surface free fat content (Table 5.4) (Vignolles et al., 2007). 
Furthermore, occluded air vacuoles and a fat/protein mixture were observed on the 
surface of powder particles (Fig. 5.6), which correlated well with the SEM results in 
Figure 5.5. 



















Figure 5.5 Scanning electron microscopy images of spray dried β-casein enriched 
(β-CNen) model infant formula (IF) powders formulated using whey protein isolate 
(WPI) and β-CNen powder with various whey protein:casein (WP:CN) ratios: 100:0 
(P[100:0]); 80:20 (P[80:20]); 70:30 (P[70:30]); 60:40 (P[60:40]); 50:50 
(P[50:50]), at low (A1-6) and high (B1-6) magnifications. The control is an IF 
powder prepared using WPI and skim milk powder in a WP:CN ratio of 60:40. The 
arrow indicates an air vacuole. 
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Figure 5.6 Confocal scanning laser micrographs of spray-dried β-casein-enriched 
(β-CNen) model infant formula powders prepared with whey protein isolate and β-
CNen in a WP:CN ratio of 60:40, labelled with Nile Red/Nile Blue, showing the 
fluorescence signal corresponding to the 488 nm laser excitation (Green channel, fat 
phase labelled by Nile Red), the 633 nm laser excitation (Red channel, protein phase 
labelled with Nile Blue) and the 488 and 633 nm laser excitation combined (Overlay 
channel). Images show occluded fat droplets and air vacuole (V). The arrows 
indicate protein and fat located at the surface of the powder. Scale bar: 5 μm. 
 
5.3.4.4 Effect of protein profile on the rehydration behaviour of β-casein-
enriched infant formulae  
The wettability of IF powders was expressed as the change of contact angle within 
300 s (Fig. 5.7). In general, low contact angle (θ < 90°) means good wettability, 




while poor wettability is associated with high angles (θ > 90°) (Yuan & Lee, 2013). 
The results showed that there was little differences in the initial wetting behaviour of 
the powders upon contact with the droplet, and all samples showed a sharp decrease 
in contact angle within a very short time, indicating good wettability of all powders. 
The contact angle decreased gradually with time, and apparent differences in contact 
angle between each powder were observed over time. Sample P[100:0] showed the 
shortest time (230 s) to completely adsorb the water, followed in order by the control 
sample and P[80:20], P[70:30], P[60:40] and P[50:50] samples (Fig. 5.7). 
Table 5.5 shows the contact angle of IF powders at 200 s. These data indicated that 
WPI only IF exhibited the best wettability compared to the WP/CN-based IF. The 
wettability of β-CN-enriched formulae decreased significantly (p < 0.05) with 
increasing proportion of β-CN (e.g. P[100:0], P[80:20], P[70:30]). This is mostly due 
to the high overall surface hydrophobicity of β-CN, which has a negative effect on 
the wetting behaviour (Crowley et al., 2018; Kelly & Fox, 2016). Although the 
amount of surface free fat is one of most important factors for determining the 
wettability (Kim et al., 2002; Sharma et al., 2012), the measured surface free fat 
content of the powders was relatively low and no significant (p > 0.05) difference 
was observed between each sample (Table 5.4). 



































Figure 5.7 Variations in contact angle as a function of time for spray dried β-casein 
enriched (β-CNen) model infant formula (IF) powders prepared using whey protein 
isolate (WPI) and β-CNen powder with different whey protein:casein (WP:CN) ratios: 
100:0 (P[100:0]; ◇); 80:20 (■); 70:30 (□); 60:40 (P[60:40]; ▲); 50:50 (△), 
determined using an optical tensiometer at 20 ± 1 °C. The control (◆) is an IF 
powder prepared using WPI and skim milk powder in a WP:CN ratio of 60:40. The 
inserts show the actual of water droplets penetrating into powder beds at different 
time points. The error bars represent the standard deviation of the mean. 
 
The dispersibility index of powders, as influenced by WP:CN ratio (Table 5.5), 
showed that IF with WPI only (i.e. P[100:0]) had the highest dispersibility index 
compared to other IF powders, confirming that WP are fast-dissolving components 
while CN are slow-dissolving species (Mimouni et al., 2010). Furthermore, the 
addition of β-CNen in WP-based IF resulted in significantly (p < 0.05) lower 





It is noteworthy that the overall rehydration properties (both wetting and dispersion) 
of P[60:40] were significantly (p < 0.05) inferior compared to the model first stage IF 
(control). It was possibly due to the higher level of β-CN in P[60:40], which yields 
higher surface hydrophobicity. Moreover, the physical state of caseins may affect the 
wetting behaviour as Gianfrancesco, Casteran, Andrieux, Giardiello, & Vuataz (2011) 
reported that dissociated CN in powders yielded poor wetting properties compared to 
powders where these proteins were present in native micellar form. Rehydration 
properties is an important consideration in the IF industries and different approaches 
(e.g. addition of natural surfactants and/or agglomeration) have been used for 
improving the rehydration properties of milk powders (Schubert, 1993), which would 
be benefit for the manufacture of IF enriched in β-CN. 





Model IF enriched in β-CN with different WP:CN ratios were successfully produced. 
β-CNen product exhibited significantly greater (p < 0.05) surface-active properties, 
compared to WPI and SMP. The physicochemical properties of the β-CNen IF 
emulsions, and corresponding IF powders were influenced by the protein profile 
(physical state of protein and WP:CN ratio). This overall outcome demonstrates that 
the use of β-CNen product in the manufacture of IF provided better emulsification as 
evidenced by the smaller particle size formed, but poorer stabilisation and 
rehydration properties, compared with model first stage IF. Thus changes in the 
formulation (e.g. additional natural surfactants) or processing (e.g. agglomeration) 
would be necessary for potential future applications. 
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6.1 General discussion and conclusions 
The aim of this work was to investigate the physicochemical and microstructural 
properties of β-CN products with different composition, protein profile and β-CN 
purity in three model systems: (i) protein solutions (Chapters 2, 3, 4 and 5), (ii) 
emulsions (Chapters 3, 4 and 5), and (iii) model infant formulae (Chapter 5). For this 
work, three β-CN products (β-CNpure, β-CNconc and β-CNen) were selected as raw 
materials and their composition were initially characterised using HPLC, SDS-PAGE 
and ICP-MS (Chapter 2) and it was shown that the protein and mineral compositions 
were significantly different between the products. β-CNpure had the highest purity 
(90%, w/w total protein), followed by β-CNconc (80%, w/w total protein) and β-
CNen (58.3%, w/w total protein). In addition, β-CNconc had a higher level of WP 
(16.1%, w/w of total protein) whereas β-CNen had no WP. In terms of mineral levels, 
β-CNconc and β-CNen had similar calcium levels, which were 85 times higher than 
that of β-CNpure. β-CNen contained the highest amount of sodium compared to the 
other two β-CN products. 
6.1.1 β-CN self-association and its effect on the physicochemical 
properties of β-CN-stabilised emulsions 
The three β-CN-enriched products exhibited different concentration- and 
temperature-dependent association behaviour, which was strongly dependent on the 
composition and β-CN purity of β-CN products (Chapter 2). According to the visual 
appearance of all β-CN dispersions, β-CNpure self-associated at lower β-CN 
concentration (~0.05% w/v) compared to β-CNen (~0.5%, w/v) and β-CNconc (~0.2-
0.25%, w/v), possibly due to the effect of the other proteins and/or minerals in both 
β-CNen and β-CNconc. The analysis of turbidity showed that the extent of heat-
induced association of β-CN in the β-CNen product at each β-CN concentration 




(0.05-1%, w/v) was not as strong as for the other two β-CN products, which may 
have resulted from the presence of a considerable proportion of αs-CN (37%, w/w of 
total protein) in β-CNen, as it is well known that the association of αs-CN is highly 
dependent on ionic strength but less so on temperature (O'Connell et al., 2003) 
(Chapter 2, additional work). 
The results in this study also illustrated that the addition of divalent salts (CaCl2 or 
MgCl2) induced the self-association of β-CN via ionic bridging effects between 
serine phosphate groups (Dauphas et al., 2005), and this association behaviour was 
highly influenced by the type and the amount of added divalent salts (Chapters 2 and 
3). Compared to Mg2+, the addition of Ca2+ caused a greater increase in β-CN 
aggregate size (Chapter 3). In terms of Ca2+ addition, the presence of phosphates 
played an important role in determining the particle size of β-CN aggregates (Chapter 
2). Ca:P ratios of 1:4 or 1:5 in this work were found to limit the increase in particle 
size of β-CN aggregates, suggesting that the heat-induced association of β-CN could 
be controlled by changing the Ca:P ratio. 
In Chapter 3, the stability and interfacial behaviour of β-CNconc-stabilised emulsions 
were strongly influenced by the association state of β-CN (i.e. monomeric, micellar 
or aggregated state), which was dependent on both temperature (5–55 °C) and the 
presence of added divalent cations (Ca2+ or Mg2+). For conditions corresponding to β-
CN in the monomeric and micellar state, emulsions were stable in the temperature 
range 5-55 °C, with no significant (p > 0.05) change in fat globule size and viscosity. 
In addition, according to the analysis of the interfacial protein load and previous 
studies (Dauphas, Amestoy, Llamas, Anton, & Riaublanc, 2008; Mulvihill & Murphy, 
1991), it was deduced that the heat-induced association of β-CN would mainly occur 




for the non-adsorbed β-CN in aqueous phase, while adsorbed β-CN molecules at the 
O/W interface were mainly in a monomeric state. 
Bridging flocculation of β-CNconc-based emulsions took place at the conditions 
when very large β-CN aggregates (~450 nm in this study) were formed, which were 
induced by both increasing temperature and calcium addition (Chapter 3). This was 
attributed to reductions in electrostatic and steric stabilisation, resulting in the 
interaction of adsorbed β-CN between droplets and the interaction of adsorbed and 
non-adsorbed β-CN aggregates in the aqueous phase via calcium bridges. The 
flocculation of β-CN-stabilised emulsions was also thermo-reversible, which is 
similar to that of β-CN in solution in the presence of added Ca2+ (Chapter 2). 
6.1.2 β-CN product in infant formulae application 
The application of β-CNen in model IF systems at different WP:CN ratios (100:0, 
80:20, 70:30, 60:40, 50:50, 0:100) was performed at pilot plant scale, where the 
protein profile of β-CN-enriched model IF was designed to more closely match that 
of human milk (Chapter 5). Increasing the proportion of β-CNen in the mixture of β-
CNen and WPI led to lower surface tension of protein solutions, which is consistent 
with the interfacial tension results of β-CNpure solutions in Chapter 4, indicating that 
both β-CN products exhibit very strong surface-active properties.  
Increasing the proportion of β-CNen also increased the stability (both in terms of 
creaming and heat stability) and viscosity of β-CNen IF emulsions. It is worth noting 
that the higher viscosity of β-CNen IF may result in lower efficiency for spray drying 
(i.e. lower yield for samples E[60:40] and E[50:50]).  
Moreover, the powder wettability and dispersibility of β-CNen IF decreased with 
increasing the proportion of β-CNen. It was previously demonstrated that the surface 
composition of powder particles plays an important role in rehydration behaviour, in 




particular surface free fat (Crowley, Kelly, Schuck, Jeantet, & O'Mahony, 2016; 
Gaiani et al., 2009; Kim, Chen & Pearce, 2002); however, the measured surface free 
fat content in this study was not significantly (p > 0.05) different between IF samples. 
Therefore, it was deduced that the poorer rehydration properties of β-CN-based IF 
was likely due to the presence of a higher amount of β-CN, which provides greater 
overall surface hydrophobicity, resulting in lower wettability (Crowley et al., 2018; 
Kelly & Fox, 2016).  
Overall, the protein profile (i.e. both protein type and protein ratio) of β-CN-enriched 
model IF had a major influence on the stability and reconstitution properties of IF, 
and the physicochemical properties of IF formulated with WPI and β-CNen 
(WP:CN=60:40) were somewhat inferior to those of first-stage IF prepared with WPI 
and SMP (control). 
6.1.3 Development of novel microstructural techniques 
Novel microscopy techniques were developed in this work in order to provide more 
detailed and visual information to aid interpretation of self-association and interfacial 
behaviour of β-CN. Dynamic light microscopy, coupled with a temperature-
controlled microscope stage, was used to visualise the reversibility of β-CN 
association induced by heating and CaCl2 addition in β-CNpure and β-CNconc 
solutions (Chapter 2). Spherical and heterogeneous β-CN aggregates were observed 
when heated at temperatures greater than 37 °C, an effect which was reversible upon 
cooling. In Chapter 3, CLSM equipped with the same temperature stage was applied 
to study the effect of association of β-CN on the interfacial behaviour of β-CNconc-
stabilised emulsions. The microscopy analysis showed that oil droplets covered with 
a protein layer were dispersed in the continuous phase with no evidence of 
aggregation in emulsions stabilised with β-CNconc or β-CNconc in the presence of 




added MgCl2 in the temperature range 25-55 °C. A compact network structure was 
observed in emulsions stabilised with β-CNconc in the presence of added CaCl2 after 
heating at 55 °C for 20 min, and a return to the original emulsion structure was 
observed upon cooling.  
In Chapter 4, a labelling technique used for CLSM was developed for β-CNpure. β-
CNpure was covalently labelled using a fluorescent dye called 5-(and 6)-
carboxytetramethylrhodamine, succinimidyl ester (NHS-Rhodamine) before mixing 
with WPI and sunflower oil. Combined covalent and generic labelling with CLSM 
allowed localisation and differentiation of β-CNpure and WPI at the interface of 
protein-stabilised emulsions. Covalent labelling of β-CNpure with NHS-Rhodamine 
had little or no effect on the physicochemical properties of pre-labelled β-CN in 
solution and emulsion systems. In Chapter 5, the extent of droplet aggregation in 
model β-CNen IF emulsions was studied using CLSM with a dual labelling technique, 
which allowed visualisation of the distribution of protein and fat. In addition, the 
morphology and compositional distribution of IF powder particles were visualised 
using CLSM together with SEM. Spherical particles with a relatively smooth surface 
were observed using SEM in all IF samples. CLSM allowed the visualisation of both 
the inner and surface structure of powder particles, where small oil droplets were 
distributed in the protein/lactose mixture enclosed within the spherical particles, in 
agreement with previous CLSM studies (Auty, Twomey, Guinee, & Mulvihill, 2001; 
Drapala, Auty, Mulvihill, & O’Mahony, 2017).  
In conclusion, β-CN undergoes self-association on heating which is reversible on 
cooling. The association behaviour was strongly dependent on the composition and 
purity of β-CN in β-CN-enriched products, along with the presence of added calcium 
and phosphates, which ultimately influenced the physicochemical properties of β-




CN-stabilised emulsions and powders derived therefrom. The findings in the current 
study provide the experimental basis for theoretical and practical recommendations 
for the food industry to control the particle size of β-CN aggregates, and thereby 
improve the heat stability and optimise the overall quality of β-CN-enriched dairy 
products. The research is particularly relevant to the manufacturers of IF in which β-
CN products are used. 
6.2 Suggestions for future work 
6.2.1 Characterisation of interactions between whey protein and β-
casein on heating 
In the work conducted in Chapter 5, β-CNen IF were successfully manufactured on a 
pilot plant scale. However, the heat stability of β-CNen IF emulsions (WP:CN=60:40) 
was somehow inferior to those of regular first-stage IF (control in this study). 
Thermal processing is an important unit operation in the IF industry in order to 
increase the shelf-life of products and to ensure microbial safety for infant 
consumption. Therefore, the heat-stability of β-CNen IF emulsions is of considerable 
importance, as otherwise it may cause problems during processing (e.g. fouling) or 
for the end products (e.g. reconstitution, particle morphology, flowability). In order 
to find solutions to improving heat stability, a fundamental study of the interactions 
between WPI and β-CN (i.e. β-CNpure, β-CNconc or β-CNen) in solution during 
heat treatment would be advised for the future. 
 
 




6.2.2 Determination of the critical calcium levels for commercial β-
casein-enriched infant formulae 
In Chapter 5, the final calcium concentration was 0.01 mM, and only a small amount 
of calcium was added into each β-CNen IF, in order to ensure that every IF product 
had the same baseline mineral content. In commercial applications, more calcium is 
added to comply with the legislation on IF (European Commission, 2006), which 
specifies the minimum and maximum calcium levels permitted in first-stage infant 
formula as ~8.21 and 23.0 mM, respectively. β-CN is known to be a calcium-
sensitive milk protein, and the association/precipitation of β-CN was strongly 
dependent on the calcium content (Chapter 2). Therefore, the amount of added CaCl2 
must be taken into consideration during manufacture of β-CNen IF; ideally a 
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A B S T R A C T
The aim of this study was to investigate the aggregation behaviour of a pure β-casein (β-CNpure) and a β-casein
concentrate (β-CNconc) as a function of temperature, buffer type (pH 6.8) and the presence of CaCl2. The
particle size distribution and turbidity of β-casein (β-CN) dispersions were measured by dynamic light-scattering
(DLS) and UV/vis spectroscopy between 4 and 55 °C. Upon heating (4–55 °C), the particle size of both β-CN
samples increased, indicating self-association via hydrophobic interactions. It was shown that the self-association
of β-CN increased with increasing β-CN concentration and that β-CNpure self-associated at significantly lower
concentration than β-CNconc. Both turbidity and particle size measurements showed that the β-CN samples had
similar aggregation behaviour in water and imidazole buffer (pH 6.8) but differed in sodium phosphate buffer
(pH 6.8), especially at higher ionic calcium concentrations. Fourier Transform Infrared (FTIR) spectroscopy
revealed very little change in the secondary structure of β-CN during heating (4–55 °C). The microstructure of β-
CN aggregates was monitored during heating from 10 to 55 °C, followed by cooling to 10 °C, using polarised light
microscopy. Spherical and heterogeneous aggregates were observed when heated at temperatures above 37 °C,
which were reversible upon cooling. This study confirmed that β-CN undergoes self-association on heating that
reverses upon cooling, with the aggregation process being highly dependent on the purity of β-CN, the solvent
type and the presence of ionic calcium.
1. Introduction
Caseins and whey proteins are the major proteins in mammalian
milk. Bovine milk protein comprises ∼80% casein and ∼20% whey
proteins, whereas the protein in human milk contains ∼40% casein and
∼60% whey proteins. Caseins consist of four different casein mole-
cules: αs1-, αs2-, β- and κ-casein in the ratio 4:1:4:1 (Fox & McSweeney,
2003). In human milk, β-casein (β-CN) constitutes 65% of total casein,
which is almost twice that of bovine milk (McSweeney, O'Regan, &
O'Callaghan, 2013). β-CN is the major calcium-binding protein in
human milk and can efficiently transport inorganic calcium and phos-
phate to the neonate (Farrell Jr., 1999). Furthermore, it has been re-
ported that β-CN is a precursor for the production of bioactive peptides
that have antihypertensive, opioid, or mineral-binding properties
(Meisel, 1997). Therefore, β-CN-enriched ingredients are much sought
after in the formulation of infant nutritional formulae. However, infant
formulae enriched with β-CN may have different physical and func-
tional properties such as heat stability, viscosity, emulsification,
digestion etc. These properties are strongly affected by formulation
(e.g., protein profile, protein content, mineral content) and processing
parameters.
The β-CN molecule is a single polypeptide chain consisting of 209
amino acids with a molecular weight of 24 kDa. β-casein is rich in
proline and devoid of cysteine residues, hence there are no intra-mo-
lecular disulphide bonds. β-casein is an amphiphilic phosphoprotein
with a highly hydrophobic region at the C-terminus and a highly hy-
drophilic negatively-charged region towards the N-terminus (Rollema,
1992), making it an excellent emulsifier (Dickinson, Rolfe, & Dalgleish,
1988; Parkinson & Dickinson, 2004). In bovine β-CN, five phosphate
groups are present as esters of the amino acid serine, with the phos-
phoseryl residues located within the hydrophilic domain (Darewicz,
Dziuba, Caessens, & Gruppen, 2000; Huppertz et al., 2006), whereas
human β-CN occurs in multi-phosphorylated forms having 0–5 phos-
phate groups (Greenberg, Groves, & Dower, 1984). The secondary
structure of β-CN has been studied, although the exact structure re-
mains elusive. For decades, β-CN was assumed to have a random coil
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structure, with little or no ordered secondary structure under physio-
logical conditions (Andrews et al., 1979; Noelken & Reibstein, 1968).
Holt and Sawyer (1993) put forward the ‘rheomorphic’ hypothesis,
which states that casein has no fixed structure until aggregates are
formed in response to calcium-binding by serine phosphate groups.
Some convincing evidence has been presented to suggest that there are
reasonable amounts of fixed structure in β-CN, such as α-helices, β-
turns and β-sheets, probably due to the high proportion of proline re-
sidues (Farrell Jr., Wickham, Unruh, Qi, & Hoagland, 2001; Qi,
Wickham, & Farrell, 2004).
In aqueous solution, β-casein exists as monomers or aggregates, the
size and morphology of which are strongly dependent on protein con-
centration, temperature, calcium content, pH and ionic strength
(Dauphas et al., 2005; Moitzi, Portnaya, Glatter, Ramon, & Danino,
2008; O'Connell, Grinberg, & de Kruif, 2003). The critical micelle
concentration (CMC) is defined as the concentration of β-CN above
which small aggregates will form. The CMC can vary between 0.05 and
0.2% (w/v) depending on temperature, pH and ionic strength (Portnaya
et al., 2006). Monomers of β-CN predominate at low temperatures
(< 10–15 °C) and self-assemble via hydrophobic interactions above the
CMC when temperature increases, thereby forming aggregates with a
hydrophobic core and a less dense hydrophilic outer layer (Dauphas
et al., 2005; O'Connell et al., 2003). This temperature-dependent
property has been used for the purification of β-CN from β-CN-enriched
whey through membrane filtration (Atamer et al., 2017; O'Mahony,
Smith, & Lucey, 2014).
Dauphas et al. (2005) suggested there were four different aggrega-
tion states of β-CN (0.1%, w/v) based on dynamic light-scattering (DLS)
experiments: a molecular state at 4 °C (7–8 nm), a micellar state at 37 °C
(20–25 nm) in the absence of calcium chloride, and a polymeric state at
4 °C (20–25 nm) and an aggregated state at 37 °C (> 1 μm) in the pre-
sence of calcium chloride (10mM). Adding calcium or increasing ionic
strength can lead to an increase in aggregate size due to the reduction of
electrostatic repulsions, which can lead to precipitation/sedimentation
under certain conditions (Dickinson, 2001). In addition, the self-asso-
ciation of β-CN is affected by various dispersant constituents, such as
urea, Tris-HCl buffer, sodium phosphate buffer and ethanol (Mikheeva,
Grinberg, Grinberg, Khokhlov, & de Kruif, 2003; Qi et al., 2004). Mi-
cellisation of β-CN is a reversible equilibrium process (Dauphas et al.,
2005). Increasing temperature changes the equilibrium towards the
micelle by increasing the monomer density in the micelles, whereas
increasing ionic strength shifts the equilibrium position, with only a
slight effect on the number of monomers in the micelle (Huppertz,
2013).
Over the past two decades, the self-association of β-CN has been
studied using a range of analytical approaches, including static and
dynamic light-scattering (Dauphas et al., 2005; de Kruif & Grinberg,
2002; Ossowski et al., 2012; Panouillé, Durand, & Nicolai, 2005), small-
angle X-ray scattering (Kajiwara et al., 1988; Moitzi et al., 2008), and
high-sensitivity differential scanning calorimetry (Mikheeva et al.,
2003). The association and dissociation behaviour of β-casein con-
centrate (β-CNconc) produced by membrane filtration was previously
determined using dynamic light-scattering, analytical centrifugation
and turbidimetry by Crowley (2016). DLS is the most widely used
technique for measuring particle size distribution. Automated tem-
perature trend DLS allows the measurement to be carried out con-
tinuously with a temperature ramp at constant heating rate.
The self-association of β-CN and the stability of β-CN aggregates are
mainly attributed to a delicate balance of hydrophobic and electrostatic
interactions (Evans, Phillips, & Jones, 1979; Horne, 1998). However,
this relationship has not yet been fully investigated in the presence of
calcium and phosphate. Therefore, a good understanding of the influ-
ence of innate and added salts (calcium and phosphate) on the self-
association of β-CN is essential and important for fundamental research
but also for the development of β-CN-enriched dairy products.
The main objectives of this research were (1) to study the self-
association of β-CN under various experimental conditions, in parti-
cular: (a) the effect of the purity (protein profile and mineral content) of
β-CN on its self-association behaviour; (b) the effect of selected com-
position and environmental conditions (temperature, buffer type, cal-
cium addition) on aggregation of β-CN as determined by particle size
and turbidity; and (2) to visualise the microstructure and thermo-re-
versibility of β-CN aggregates in selected samples using optical micro-
scopy with a temperature-controlled sample stage.
2. Materials and methods
2.1. Materials
β-CN from bovine milk (spec sheet: 85% protein, ≥ 98% purity, lots
SLBS9719 and SLBK9882V) and CaCl2·2H2O were purchased from
Sigma-Aldrich (St. Louis, MO, USA). In addition, a β-CN concentrate
powder (87.1% protein, 80% β-CN purity) was kindly donated by the
Center for Dairy Research at the University of Wisconsin-Madison, USA.
This spray-dried β-CN concentrate was produced at pilot plant scale
using an integrated membrane filtration process based on the method of
O'Mahony et al. (2014), with some modifications. The protein and
mineral profiles for both protein products are presented in Table 1. To
differentiate the samples, the pure β-CN (90% purity) from Sigma-Al-
drich is referred to as β-CNpure, whereas the membrane filtration de-
rived β-CN concentrate (80% purity) is referred to as β-CNconc. The
purity is defined as the percentage of β-CN of the total protein.
Both β-CN powders were dissolved, with agitation, in 10mM so-
dium phosphate buffer or 10mM imidazole-HCl buffer, pH 6.8 at dif-
ferent concentrations of β-CN (0.05%, 0.25%, 0.5% and 1% w/v) for a
minimum of 20 h at 4 °C. Distilled water (H2O) was used as control.
Samples were incubated at temperatures of 4, 37 and 55 °C for 1 h in
order to visually observe their thermal aggregation. β-CN concentra-
tions of 0.05% and 1% were finally selected for β-CNpure and β-
CNconc, respectively, for further analysis. The effect of CaCl2 (0 and
2.5 mM) addition on β-CN aggregation was also examined. The pH of all
samples was adjusted to 6.8 ± 0.02 with a small amount of 1M HCl or
1M NaOH, after which they were filtered at 4 °C through syringe filters
of pore size 0.45 μm, to remove large protein aggregates before mea-
surement. The aggregation behaviour of β-CN was studied at a range of
temperatures from 4 to 55 °C, and samples were incubated at each
temperature for 20min, unless otherwise indicated. All other reagents
were purchased from Sigma-Aldrich, unless otherwise specified.
2.2. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
Protein profiles of two β-CN products were determined as described
by Yong and Foegeding (2008) using precast NuPAGE 12% Bis-Tris gels
(1.0mm×10 well) (Novex® by Life Technologies™, Carlsbad, CA,
USA). Samples were dissolved in NuPAGE LDS sample buffer with
NuPAGE sample reducing agent to achieve a final protein concentration
of 0.5mg/ml, and 10 μl of the mixture was loaded in each well. Skim
milk was used as standard. Gels were stained and destained using the
method described by Li, Auty, O'Mahony, Kelly, and Brodkorb (2016).
2.3. Reversed-phase high pressure liquid chromatography (RP-HPLC)
Characterisation of β-CN samples were also carried out by RP-HPLC
(Agilent 1200 series, Agilent Technologies, Santa Clara, CA, USA) as
described by McCarthy, Kelly, O'Mahony, and Fenelon (2013) with an
Agilent 300 SB-C18 Poroshell column (Agilent Technologies) at 35 °C.
β-CN samples were prepared by dilution in 7M urea/20mM bis–tris
propane buffer, pH 7.5 to obtain a final protein concentration of 2mg/
ml. The sample buffer had β-mercaptoethanol (5 μl/ml buffer) added
immediately prior to use. Running buffer A contained 10% acetonitrile
and 0.1% trifluoroacetic acid (TFA) in Milli-Q® water. Running buffer B
contained 90% acetonitrile, 10% Milli-Q® water, and 0.09% TFA. The
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analysis was performed using a linear gradient of Buffer B, from 26 to
100% in 26min. Individual proteins were calculated as percentage (w/
w) of total protein by integrating the peak area of the chromatograms.
2.4. Turbidity measurement
The turbidity of β-CN dispersions reconstituted in three different
buffers, with and without CaCl2, was expressed as the optical density
(OD) at 600 nm using a Cary 100 Bio UV–visible Spectrophotometer
(Varian Inc., Palo Alto, California, USA), which was equipped with a
temperature control system. Samples were held at 4 °C before transfer
to the spectrophotometer and heated in the chamber at 13 temperature
points between 4 and 55 °C. Measurements were taken in triplicate and
this experiment was repeated three times.
2.5. Dynamic light-scattering (DLS)
The effect of temperature on particle size of β-CN dispersions was
recorded by DLS using a Zetasizer Nano ZS (Malvern Instruments Ltd,
Malvern, Worcestershire, UK), equipped with a temperature controlled
cell holder. The instrument was flushed with dry air for measurement
below 12 °C to avoid condensation, according to the instructions by
Malvern. Samples were held at 4 °C and further filtered through a
0.22 μm filter before transfer to the thermo-equilibrated zetasizer.
Temperature was increased stepwise from 4 to 55 °C with a temperature
interval of 3 °C and an equilibration time of 20min. Measurements were
taken six times at each temperature. Data collection and analyses were
performed using the Nano software (version 7.01; Malvern
Instruments), with a water RI value of 1.33. The temperature-depen-
dence of the solvent viscosity was taken into account for the size cal-
culations.
2.6. Fourier Transform Infrared spectroscopy (FTIR)
FTIR measurements were carried out using a Bruker Tensor 27 in-
strument (Brucker Optik, GmBH, Germany), equipped with a thermally
controlled BioATR II cell. Spectra were obtained using an average of
128 sample scans and 128 background scans at 4 cm−1 resolution.
Samples were filtered through 0.22 μm syringe filters before each
measurement at 4, 16, 25, 37, 49 and 55 °C, using fresh dispersions at
each temperature. Background readings were taken against distilled
water at each measurement temperature. Data analysis was performed
as previously described (Kehoe, Remondetto, Subirade, Morris, &
Brodkorb, 2008).
2.7. Microstructure of β-CN aggregates
The microstructure of β-CN aggregates was assessed using an
Olympus BX51 light microscope fitted with differential interference
contrast (DIC) filters (Olympus Optical Co. Ltd., Tokyo, Japan). The β-
CN sample (10 μl) was deposited on a microscopy slide after which a
coverslip was placed on the sample, before observation with a 60X,
1.4NA oil immersion objective. The sample slide was placed on a
temperature controlled microscope stage, which was controlled by
Linksys 32 Software (PE94, Linkam Scientific, UK). Observations were
performed during cycles of heating (10–55 °C), holding for at least
20min and cooling (55-10 °C) (heating and cooling rates were 3–6 °C/
min) to evaluate reversibility of β-CN aggregation. Images were ac-
quired using a ProgRes® camera system (JENOPTIK I Optical Systems,
Jena, Germany) in DIC mode. The DIC mode highlights phase bound-
aries of normally transparent objects and facilitates visualisation of the
shape and dimension of β-CN aggregates.
2.8. Statistical analysis
The preparation of solutions and subsequent analyses were carried
out in independent triplicate trials. One-way analysis of variance
(ANOVA), followed by Fisher's test, was carried out using the Minitab
15 (Minitab Ltd, Coventry, UK, 2007) statistical analysis package.
Differences were stated significant at p-value< 0.05.
3. Results and discussions
3.1. Composition of β-CN products
The protein profile and mineral composition of both β-CN products
were analysed using RP-HPLC and ICP-MS, respectively, and the results
are shown in Table 1. It is worth noting that the mineral levels in β-
CNpure were substantially lower than those of β-CNconc, with the ex-
ception of sodium and phosphorus. Most notably, Ca content was ap-
proximately two orders of magnitude higher in β-CNconc compared to
that in β-CNpure. RP-HPLC profile of β-CN samples are shown in
Fig. 1A and B, respectively. It was calculated that β-CNpure contained
90% β-CN and 5.5% κ-CN, and trace levels of α-CN and β-lactoglobulin.
In contrast, β-CNconc has 80% β-CN and 3.9% other caseins and 16%
whey proteins, which is consistent with the results of Crowley (2016).
The presence of whey proteins and other caseins may affect the asso-
ciation behaviour of the β-CN during heating. Reducing SDS-PAGE re-
sult (Fig. 1C) showed well-resolved band patterns of β-CNs and other
proteins (lane 2 and 3). A small amount of high molecular weight (MW)
whey proteins (possibly lactoferrin and bovine serum albumin) were
detected in the β-CNconc sample (lane 3) by SDS-PAGE.
3.2. Effect of purity and concentration on the thermal aggregation of β-CN
The visual appearance of dispersions at four β-CN concentrations
(0.05, 0.25, 0.5 and 1% w/v), prepared with β-CNpure or β-CNconc in
10mM sodium phosphate buffer (pH 6.8) and at 4, 37 and 55 °C are
presented in Fig. 2. It was observed that the turbidity of β-CNpure
dispersions increased with temperature, indicating self-association
upon heating above 37 °C. In addition, the turbidity of β-CNpure dis-
persions increased with increasing concentration at each temperature.
However, only at concentrations higher than 0.5% (w/v), visible self-
association could be observed for β-CNconc samples above 37 °C. This
concentration-dependent heat-induced association behaviour of β-CN is
in agreement with the findings of previous studies where a minimum
concentration of β-CN was required for self-association (Dauphas et al.,
2005; O'Connell et al., 2003).
Compared to β-CNpure, β-CNconc in solutions displayed some
Table 1
Compositional data of β-CN ingredients.
β-CNpurea β-CNconc
Protein content (%, w/w of powder) 85 87.1
Protein purity b (%, w/w of total protein)




Total whey protein 3.4 16.1
α-lactalbumin – 1.4
β-lactoglobulin 3.4 14.7
Mineral profile c (mg/100g)
Na 132.8 ± 1.0 92.3 ± 3.8
Mg 0.90 ± 0.02 98 ± 6
P 524 ± 0.5 531.3 ± 16.9
K 10.6 ± 0.1 415 ± 17
Ca 8.1 ± 0.6 688 ± 20
a One lot of commercial β-CNpure (lot SLBS9719, C6905, Sigma-Aldrich)
was used for protein and mineral analysis.
b Individual proteins were characterised by RP-HPLC.
c Mineral content was measured by ICP-MS.
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obvious differences in appearance under the same experimental con-
ditions. For instance, 1% β-CNconc was a clear solution at 4 °C, whereas
1% β-CNpure in solution had a very turbid, opaque appearance. These
results illustrate that β-CNpure self-associates at lower β-CN con-
centration than β-CNconc, possibly due to the effect of the other pro-
teins and/or minerals. In further experiments, the thermal aggregation
of 0.05% β-CNpure and 1% β-CNconc was studied as they were the
most suitable concentrations required to observe the self-assembly of β-
CN from a monomeric state to an aggregated state.
3.3. Effect of buffer type and CaCl2 addition on the turbidity and particle
size of 0.05% β-CNpure
Solution turbidity measurement provided a macroscopic overview
of the aggregation of β-CN as influenced by concentration, temperature
and choice of ingredient. The size of aggregates is one of the most
important factors affecting turbidity of aggregated protein. Changes in
turbidity and particle size of 0.05% β-CNpure samples during a tem-
perature ramp (4–55 °C), in different buffers containing CaCl2 at
varying concentration are presented in Figs. 3 and 4, respectively. It is
shown that, in the absence of added CaCl2, no significant difference in
turbidity (p > 0.05) was observed at temperatures between 4 and
22 °C, irrespective of buffer type. When the temperature was increased
Fig. 1. Reversed-phase high-performance liquid chromatography profiles of proteins in (A) β-CNpure and (B) β-CNconc; (C) Reducing SDS-PAGE of skim milk as a
standard (lane 1), β-CNpure (0.05%w/v, lane 2), and β-CNconc (0.05 w/v, lane 3); Lane M shows molecular weight markers.
Fig. 2. Visual appearance of β-CNpure and β-CNconc in 10mM sodium phosphate buffer (pH 6.8) at different β-CN concentrations (0.05%–1%) and temperatures (4,
37 and 55 °C).
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to greater than 25 °C, the turbidity of all β-CNpure dispersions in-
creased (Fig. 3A). This turbidity development correlated well with the
size measurement (Fig. 4A), which showed that β-CNpure dispersions
mainly contain particles with volume mean particle size of ∼8 nm at
low temperatures (4–10 °C), indicative of the monomeric form of β-CN
(Faizullin, Konnova, Haertlé, & Zuev, 2017; O'Connell et al., 2003).
Particle size increased with temperature, most likely due to aggrega-
tion.
The addition of 2.5 mM CaCl2 caused an increase in particle size of
β-CNpure samples at temperatures from 4 to 16 °C (Fig. 4B). At 4 °C, a
mixture of 10mM sodium phosphate buffer and 2.5mM CaCl2 pre-
cipitated as calcium phosphate, whereas no precipitation occurred
when β-CNpure was present. Crowley (2016) also reported that β-
CNconc can prevent calcium phosphate precipitation in simulated milk
ultrafiltrate (SMUF) at 37 or 63 °C. It was suggested that ionic calcium
induces β-CN aggregation via divalent bridges between serine phos-
phate groups, and thereby prevents calcium phosphate precipitation
(Kakalis, Kumosinski, & Farrell, 1990).
At temperatures above 37 °C (Fig. 4B), the particle sizes of both β-
CNpure/H2O and β-CNpure/imidazole samples with added CaCl2 dis-
played a sharp increase and the particle sizes were over 1 μm at 50 °C.
This was in agreement with the finding by Dauphas et al. (2005) who
found large β-CN aggregates with a diameter greater than 1 μm at 50 °C
and after addition of 10mM CaCl2. It was suggested that the affinity of
β-CN to Ca2+ increases with temperature (Horne & Lucey, 2014).
However, under the same circumstances, the particle size of β-CNpure/
sodium phosphate sample did not change significantly with the addi-
tion of CaCl2 (Fig. 4B). The authors assume that a competition between
inorganic phosphate and organic phosphoserine groups of β-CN re-
acting with Ca2+ may affect the bridging effect of ionic calcium. The
turbidity results of β-CNpure dispersions with added Ca2+ showed si-
milar trends to the DLS results (Fig. 3B).
3.4. Effect of buffer type and CaCl2 addition on the turbidity and particle
size of 1% β-CNconc
The turbidity results of 1% β-CNconc samples were in good agree-
ment with the DLS measurement (Figs. 5 and 6). The monomeric form
of β-CN was also detected at 4 °C in the absence of CaCl2 (Fig. 6A).
Interestingly, heating only caused a slow and slight increase in both
particle size and turbidity in the temperature range 4–49 °C, irrespec-
tive of buffer type (Figs. 5A and 6A). At temperatures greater than
49 °C, a significant increase in turbidity and particle size for β-CNconc/
imidazole and β-CNconc/H2O samples were observed, whereas β-
CNconc/sodium phosphate sample changed very little with increasing
temperature. These results were similar to those of β-CNpure disper-
sions in the presence of Ca2+ (Figs. 3B and 4B). Calculated Ca and P
contents of 0.05% β-CNpure solution were 1 μM Ca and 0.1mMP,
while 1% β-CNconc solution contained 2.5 mM Ca and 2.5mMP.
Therefore, in phosphate buffer, 0.05% β-CNpure with added 2.5 mM
Ca2+ and 1% β-CNconc without added Ca2+ have a very similar total
calcium and phosphate content. Hence, they showed very similar ag-
gregation behaviour. Adding 2.5mM CaCl2 to β-CNconc solution re-
sulted in a marked increase in both turbidity and particle size for β-
CNconc/imidazole and β-CNconc/H2O samples at all temperatures
(p < 0.05) (Figs. 5B and 6B). At temperatures greater than 31 °C, the
particle size increased significantly with increasing temperature and
turbidity remained unchanged at values of 3.5 due to the detection limit
of the instrument (Fig. 5B). Visible precipitation was observed for β-
CNconc/sodium phosphate samples at 4 °C. It was assumed that the
precipitation is mainly due to the co-precipitated calcium phosphate
and casein (Guo, Campbell, Chen, Lenhoff, & Velev, 2003).
3.5. Secondary structure of β-CN during thermal aggregation
The amide I band in FTIR spectra was used to study changes in the
secondary structure of proteins, as it represents a C]O stretch fre-
quencies which is sensitive to its folding environment (Farrell Jr. et al.,
2001; Kehoe et al., 2008). Fig. 7A showed changes in the amide I region
Fig. 3. Temperature-dependent changes in turbidity of 0.05% β-CNpure in the
absence (A) or presence of 2.5mM CaCl2 (B), at pH 6.8 in different diluting
buffers: water (○), 10mM sodium phosphate buffer (X) and 10mM imidazole
buffer (△). Error bars indicate standard deviations (n≥ 3).
Fig. 4. Temperature-dependent changes in the z-average particle size of 0.05%
β-CNpure in the absence (A) or presence of 2.5mM CaCl2 (B), at pH 6.8 in
different diluting buffers: water (○), 10mM sodium phosphate buffer (X) and
10mM imidazole buffer (△).
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Fig. 5. Temperature-dependent changes in turbidity of 1% β-CNconc in the
absence (A) or presence of 2.5mM CaCl2 (B), at pH 6.8 in different diluting
buffers: water (○), 10mM sodium phosphate buffer (X) and 10mM imidazole
buffer (△). Error bars indicate standard deviations (n≥ 3).
Fig. 6. Temperature-dependent changes in the z-average particle size of 1% β-
CNconc in the absence (A) or presence of 2.5mM CaCl2 (B), at pH 6.8 in dif-
ferent diluting buffers: water (○), 10mM sodium phosphate buffer (X) and
10mM imidazole buffer (△).
Fig. 7. FTIR spectra: vector-normalized amide I bands of 0.05% β-CNpure (A)
in water at increasing temperatures from 4 to 55 °C and FTIR spectra with the
spectrum of the sample at 4 °C subtracted (B); and vector-normalized amide I
bands of 1% β-CNconc (C) in water at increasing temperatures from 4 to 55 °C
and FTIR spectra with the spectrum of the sample at 4 °C subtracted (D). The
arrow and dashed line indicate an increase in intensity at 1637 cm−1 with in-
creasing temperature.
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of the FTIR spectra of β-CNpure at 0.05% prepared in H2O as a function
of temperature. The spectra showed that there was little structural
change upon heating (4–55 °C), with the maximum absorbance shifting
from 1660 to 1650 cm−1. This is similar to the results of Farrell Jr. et al.
(2001) who found a red shift in circular dichroism with temperature.
The subtraction of the sample spectrum at 4 °C from that of samples
at ≥ 16 °C (Fig. 7B) showed an increase in intensity at 1637 cm−1 with
increasing temperature. This band has been assigned to the in-
tramolecular β-sheet (Tanaka, Morishima, Akagi, Hashikawa, &
Nukina, 2001), suggesting an ordered structure in a monomeric state of
β-CN (at 4 and 16 °C). It was also noteworthy that aggregation was not
via inter-molecular β-sheet (expected around 1620 cm−1) as observed
for most other structured dairy proteins (Kehoe et al., 2008; Lefèvre &
Subirade, 2003).
Hence, the question was whether changes in the secondary structure
precede aggregation or the other way around. During heating, β-
CNpure showed changes in the band around 1637 cm−1 at temperature
as low as 16 °C; changes increased with higher temperatures. However,
the particle size in Fig. 5A, at equivalent conditions, only showed
changes above 25 °C. This suggests that changes in the secondary
structure (increase in intramolecular β-sheets) appeared first, which
could induce aggregation of β-CN, rather than the other way around.
However, given the small amplitude of changes in the absorption, these
conclusions need to be treated with caution. In addition, the above
observation could only be made for the higher purity β-CN (β-CNpure)
and not for β-CNconc, as discussed.
Very little change in the secondary structure was shown in 1% β-
CNconc/H2O sample between 4 and 55 °C (Fig. 7), although β-CN self-
associated above 49 °C (Fig. 6A). This suggests that the self-association
of β-CNconc did not cause any significant conformational change in β-
CN, which is also consistent with the results of Farrell Jr. et al. (2001).
It was therefore concluded that the self-association of β-CN had
little or no effect on the conformational change of β-CN and vice versa.
Addition of 2.5 mM CaCl2 to the protein solutions did not alter the
spectra of either β-CNpure or β-CNconc (results not shown).
3.6. Microstructure of aggregates
The association and dissociation of β-CN were characterised by light
microscopy using a temperature-controlled sample stage. Samples of β-
CNpure/H2O, β-CNpure/imidazole, β-CNconc/H2O and β-CNconc/
imidazole in the presence of CaCl2 were selected for microscopy ana-
lysis because the particle size measurement showed that they were
large enough (> 500 nm) at high temperatures for visualisation. Visible
aggregates appeared at 37 °C after 20min in 1% β-CNconc samples,
which confirms that self-association had occurred. However, no parti-
cles were observed by light microscopy in 0.05% β-CNpure dispersions
after incubated at 55 °C for 4 h due to the low protein concentration.
Therefore, 1% β-CNpure were used to monitor the microstructure of β-
CNpure aggregates.
Fig. 8 (A-H) showed DIC images of temperature-dependent 1% β-
CNpure/imidazole as a function of temperature and time in the pre-
sence of 2.5mM CaCl2. No particles were visualized at temperatures of
10, 25 and 37 °C (Fig. 8A, B and C), due to the limitation of the mi-
croscope resolution. Aggregates were observed at 55 °C after 20min
(Fig. 8D) and the particles appear spherical and seem to be uniform in
size, which indicates that self-association had taken place. When the
sample was heated at 55 °C for up to 4 h, particle size increased
(> 1 μm), with a rounded shape (Fig. 8E).
Interestingly, the shape of β-CNpure aggregates changed when the
sample was cooled down to 37 °C (Fig. 8E and F). In previous studies, β-
CN aggregates changed from an oblate ellipsoid to spheroid with tem-
perature was reported by Kajiwara et al. (1988). Small and oblate mi-
celles at pH 7.0 (Portnaya et al., 2006) or flat disk-like micelles at both
pH of 2.6 and 6.7 (Moitzi et al., 2008) have also been observed using
cryogenic transmission electron microscopy. In Fig. 8G, temperature
was cooled to 25 °C, very few β-CN aggregates were visible (Fig. 8G).
They completely disappeared at 10 °C after 20min (Fig. 8H), suggesting
that thermal aggregation of β-CN for the selected samples is reversible
but that the rate of dissociation is slower than that of association al-
though the heating and cooling rate are the same.
Fig. 8. Micrographs of 1% β-CNpure/imidazole in presence of 2.5mM CaCl2 during heating (10–55 °C, top row panel A to D), followed by cooling (55–10 °C, bottom
row panel E to H) obtained by light microscopy in DIC mode. The black line represents the temperature vs. time curve for the whole measurement. Black arrows
indicate the time point at which the images were taken. Before cooling, sample was incubated at 55 °C for 4 h. (F) inset shows oblate spheroid shaped β-CN
aggregates. Scale bar: 20 μm.
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Compared with 1% β-CNpure/imidazole, 1% β-CNconc/imidazole
dispersion with 2.5mM CaCl2 showed very similar self-association and
dissociation behaviour during heating followed by cooling (Fig. 9A–H).
However, it was found that 1% β-CNconc/imidazole dispersion formed
larger aggregates than β-CNpure under the same conditions (Fig. 9C–F).
Increasing heating time led to an increase in particle size and a few
irregularly shaped aggregates were produced (Fig. 9E, white arrow).
Slight changes in shape during heating or cooling were probably due to
the association or dissociation of β-CN.
4. Conclusion
This study demonstrates that both β-CN products showed self-as-
sociation at elevated temperature. Different aggregation behaviours
were observed, depending on β-CN purity, protein concentration, buffer
type and CaCl2 addition. Generally, adding CaCl2 promoted thermal
aggregation of β-CN and led to larger aggregates (> 500 nm), which
were visible using light microscopy. However, in the presence of a
certain amount of phosphate and calcium (Ca:P∼ 1:4 in this study), the
aggregation was inhibited even at high temperatures (55 °C). The
findings of this work are of relevance to end-users of β-casein-enriched
ingredients in controlling aggregation of β-CN by changing the ratio of
calcium:phosphate, temperature and selected ingredients, to optimise
the quality and functionality of β-CN-enriched dairy products.
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A B S T R A C T
The objective of this study was to assess the influence of self-association of β-casein (β-CN) induced by both
increasing temperature (5–55 °C) and divalent cation addition (Ca2+ or Mg2+) on the properties of β-CN-sta-
bilised emulsions. The particle size of 0.5% (w/w) β-CN in 10 mM imidazole/HCl buffer (pH 6.8) was de-
termined as a function of temperature and addition of divalent cations. Addition of CaCl2 caused a greater
increase in protein particle size than MgCl2. Oil-in-water emulsions stabilised with 0.5% (w/w) β-CN, β-CN with
added CaCl2 or MgCl2 (β-CN/Ca and β-CN/Mg, respectively) were also investigated as a function of temperature
using light scattering, analytical centrifugation, rheology and confocal laser scanning microscopy (CLSM).
Emulsions prepared with β-CN/Ca flocculated after incubation at 55 °C for 20 min and displayed significantly
different physical properties (p < 0.05) compared to emulsions stabilised with β-CN or β-CN/Mg in the tem-
perature range 5–55 °C. Based on CLSM analysis and analysis of the interfacial protein load, this flocculation was
attributed to the interaction of adsorbed β-CN between droplets and the interaction of adsorbed and non-ad-
sorbed β-CN aggregates in the aqueous phase via calcium bridges. Furthermore, the flocculation of β-CN/Ca
emulsions was reversible upon cooling, which is similar to that of β-CN/Ca in solution. In conclusion, the
temperature-dependent behaviour of β-CN-stabilised emulsions correlated to the temperature-induced ag-
gregation of β-CN, particularly in the presence of Ca2+. Hence, the stability of β-CN-stabilised emulsions can be
predicted from the extent of β-CN aggregation in aqueous solution (i.e., aggregate size).
1. Introduction
Caseins (CNs), as the principal protein constituents (80%) of bovine
milk, exist as large colloidal particles called casein micelles [1]. These
micelles are spherical particles with a size range of 50–600 nm and
consist of four different casein molecules: αs1-, αs2-, β- and κ-casein in
the ratio 4:1:4:1. Colloidal calcium phosphate (CCP) acts as a cross-
linker for clusters of casein molecules to form casein micelles. Casein
has been used as a traditional food ingredient for many years, and also
as an emulsifier or stabiliser in food processing applications. One of the
most common forms of casein is sodium caseinate and previous studies
have shown that the physicochemical and emulsifying properties of
sodium caseinate are closer to that of β-CN than αs1-CN [2].
β-CN is one of the most abundant caseins in milk and its con-
centration varies from species to species. In bovine milk, β-casein re-
presents 36% of the total casein, whereas its relative concentration is
more than two times higher in human milk [3,4], making β-CN-en-
riched ingredients of interest for humanising the casein fraction of next-
generation infant formulae [5,6]. β-CN is a single polypeptide chain
consisting of 209 amino acids (AA). The molecule has a flexible linear
disordered secondary structure with no intramolecular crosslinks, and
is an amphiphilic phosphoprotein with a highly hydrophilic negatively-
charged region towards the N-terminus (first 50 AA) and a highly hy-
drophobic region at the C-terminus (the remaining 159 AA) [7,8]. This
well-defined amphiphilic structure confers excellent emulsification
properties on β-CN in formulated food emulsion systems [9–12]. It has
been reported that β-CN, compared with other caseins, is more rapidly
adsorbed at the oil-water interface and is more effective in reducing the
interfacial tension of emulsion-based systems [13]. Bovine β-CN con-
tains 5 phosphoserine residues in the hydrophilic region, which gives a
high net negative charge at the natural pH of milk [14]. The presence of
phosphoserine residues in the structure of β-CN provides the thickness
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and steric-stabilizing properties of the adsorbed layer surrounding oil
droplets. This is significant in the use of casein ingredients/fractions in
formulation of emulsion systems as it has been proposed that the
physical instability of emulsions including creaming, flocculation and
coalescence is mainly attributed to the electrostatic and steric desta-
bilisation mechanisms [15–17].
β-CN molecules tend to self-associate in solution due to the large
proportion of hydrophobic amino acids. It has been established that the
monomeric state of β-CN predominates at low temperatures
(< 10–15 °C) and the molecules self-associate via hydrophobic inter-
action at concentrations greater than the critical micelle concentration
(CMC) with increasing temperature, ultimately forming approximately
spherical aggregates with a hydrophobic core and a less dense hydro-
philic outer layer [18–20]. Due to the high charge density in the hy-
drophilic region, bovine β-CN has a strong binding capacity for divalent
metal ions and ionic calcium (Ca2+) in particular [8]. A number of
previous studies have reported that the addition of CaCl2 promotes
thermal aggregation of β-CN and leads to larger aggregates via divalent
bridges between serine phosphate groups [18,21].
Calcium and magnesium, as the major divalent cations in both bo-
vine and human milk, play an important role in many biochemical
processes [8,22,23]. The binding of divalent cations (Ca2+, Mg2+,
Zn2+, Mn2+, Cu2+) to caseins has been the subject of extensive studies
[24–28], while the exploitation of these learnings in the fortification of
calcium and magnesium in dairy-based nutritional beverages is much
needed by dairy scientists, ingredient manufacturers and formulators.
However, to the authors’ knowledge, there are no published studies
specifically focusing on the influence of magnesium salts on the thermal
self-association of β-CN.
The self-association of β-CN leads to multiple physical changes in β-
CN, including particle size, zeta potential and surface hydrophobicity. It
could be expected that these changes strongly influence the emulsifying
properties of β-CN and physicochemical properties of β-CN-stabilised
emulsions. The stability of casein-based emulsions has been extensively
studied [29–31]. Flocculation, as a typical unstable phenomenon in
protein-stabilised emulsions, can be either due to depletion or bridging
flocculation. The former is induced by the non-adsorbed biopolymer
(proteins or polysaccharides) in the aqueous phase, and the latter is
caused by electrically charged biopolymers. It has been reported that
addition of small amounts of calcium to caseinate-stabilised emulsions
lead to a decrease of depletion due to the aggregation of caseinate [32].
Previous research has also demonstrated that the aggregation state
of casein and the nature of the interactions involved in the formation of
the aggregate structure have a strong influence on the rheological
properties of emulsions where caseins/caseinates are used as emulsi-
fiers [33–36]. In particular, a good example of this is presented in the
work of Dickinson and Casanova [35] involving thermoreversible
flocculation of sodium caseinate-stabilised emulsions; the mechanism
was assumed to be associated with the known dependency of the self-
association of caseinate with changes in temperature and calcium
content. However, most studies focus on micellar casein, caseinate or
mixed casein-stabilised emulsions, and few studies have examined
emulsions stabilised with β-CN due to the limited availability. Dauphas
et al. [37] reported the properties of β-CN-stabilised emulsions on
modifying the aggregation state of β-CN by changing temperature and
calcium concentration, but with a focus on the reactivity of the non-
adsorbed β-CN fraction. In addition, CaCl2 was added after homo-
genisation in that study, and it was concluded that emulsion stability
was dependent on whether the Ca2+ content was adjusted before or
after emulsion formation [15].
In this study, we have chosen a membrane filtration-derived β-CN-
rich ingredient as a starting material in order to develop a better un-
derstanding of the thermal and mineral stability of β-CN in its native,
pure form in an emulsion system [4,38]. It is worth noting that this
material contains 80% β-CN and 20% other proteins, as presented in
our previous study [21]. According to the literature, β-CN is the most
surface-active of milk proteins [10,39]. In general, the protein that
adsorbs first at the interface during emulsification is the one that most
strongly influences the overall behaviour [14]. Therefore, based on its
structure and known interfacial properties, it could be assumed that β-
CN would be the primary protein at the o/w interface.
The aims of this study were: (1) to investigate the aggregation state
of 0.5% β-CN as influenced by increasing temperature in the range
5–55 °C and addition of CaCl2 or MgCl2 and (2) to study the impact of β-
CN aggregation on the physical properties of β-CN-stabilised emulsions.
The experimental results are discussed in view of their relation to the
different aggregation state of β-CN both at the oil droplet surface and in
aqueous phase.
2. Materials and methods
2.1. Materials
Spray dried β-CN concentrate (87.1% protein, 80% protein purity)
was prepared from bovine milk using membrane filtration at the
University of Wisconsin-Madison (Wisconsin, USA), and the protein and
mineral profiles of the ingredient have been reported in previous stu-
dies [5,21]. Commercial sunflower oil was obtained from a local su-
permarket and used without further purification. Anhydrous CaCl2 and
MgCl2·6H2O were purchased from Sigma-Aldrich (St. Louis, MO, USA)
and unless otherwise specified, all other reagents were purchased from
Sigma-Aldrich. In summary, the three β-CN solutions used for particle
size measurement are referred to as β-CN, β-CN/Ca and β-CN/Mg
throughout the manuscript, and the corresponding solutions were used
to formulate emulsions that are referred to as β-CN emulsion (abbre-
viated as E[β-CN]), β-CN/Ca emulsion (abbreviated as E[β-CN/Ca])
and β-CN/Mg emulsion (abbreviated as E[β-CN/Mg]), respectively.
2.2. Protein solution and emulsion preparation
The β-CN was dissolved and stirred in 10 mM imidazole/HCl buffer
at a protein concentration of 0.5% (w/w), pH 6.8, during a minimum of
20 h at 4 °C, with this solution hereafter being referred to as the control.
The required quantity of CaCl2 or MgCl2 were added to the above
control β-CN solution to obtain a final concentration of 3.5 mM for
calcium or magnesium, taking the ionic content of the β-CN into ac-
count. All solutions were filtered through a 0.45 μm syringe filter, to
eliminate large protein aggregates, and stored at 4 °C before use.
Sodium azide (0.02% w/v) was added as an antimicrobial agent. Oil-in-
water (O/W) emulsions (10% w/w sunflower oil, 10 mM imidazole/HCl
buffer, pH 6.8), stabilized with β-CN, β-CN/Ca or β-CN/Mg at a protein
concentration of 0.5% (w/w), were prepared as described by Li et al.
[9] with a laboratory homogenizer (Delta Instruments B.V., Kelvinlaan,
Drachten, the Netherlands) at a pressure of 13 MPa for 2 passes. In
order to ensure that the temperature of the freshly prepared emulsions
was less than 10 ± 2 °C, the homogenizer was stored in a cold room at
4 °C for at least 30 min prior to use. The pH of all protein solutions and
emulsions was adjusted to 6.8 using 1 M HCl or NaOH, followed by
incubation at different temperatures (5, 25, 35, 45 and 55 °C) for
20 min, immediately before analysis. Due to the fact that the self-as-
sociation of β-CN is a reversible process with temperature [21], all of
the measurements were carried out at the relevant specific tempera-
tures.
2.3. Protein particle size
The particle size of the three β-CN solutions was measured by dy-
namic light scattering (DLS) as described by Li et al. [21]. Samples were
transferred to the thermo-equilibrated Zetasizer immediately after heat
treatment. In addition, the particle size was also measured for samples
cooled from 55 °C to either 25 or 5 °C for 20 min. Measurements were
taken in independent triplicate at each temperature, with data
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collection and analyses performed using the Zetasizer Nano software
(version 7.01; Malvern Instruments), with a solvent refractive index of
1.33. The temperature-dependence of the solvent viscosity was con-
sidered by the software for the size calculations.
2.4. Emulsion droplet size
The fat globule size distribution of each temperature-equilibrated
emulsion was determined by static light scattering as described by Li
et al. [9]. The temperature of the dispersion unit was controlled
manually by adding cold or hot water to maintain the temperature of
each sample. The size distribution was obtained using the polydisperse
model, while droplet size measurements of emulsions were recorded as
the Sauter mean diameter (D [3,2]= ∑nidi3/ ∑nidi2, where ni is the
number of droplets with diameter di) and the volume weighted mean (D
[4,3]). All measurements were carried out in triplicate.
2.5. Emulsion stability
The stability of selected emulsions (i.e., those prepared at 5, 35 and
55 °C) was determined using a LUMiSizer® accelerated stability analyser
as described by Li et al. [9] with minor modifications. Aliquots (0.4 mL)
were placed in polycarbonate sample cells (2 × 8 mm) and centrifuged
at 1500 rpm for 30 min at 5, 35 and 55 °C, respectively. The result was
expressed as the integrated transmission percentage against time,
where the slope represents the creaming stability of emulsions, with
lower values indicating greater stability to creaming.
2.6. Rheological measurements
2.6.1. Apparent viscosity
Measurements of the apparent viscosity were performed as de-
scribed by McCarthy et al. [6] using a controlled-stress rheometer
(AR2000ex Rheometer, TA Instrument, Crawley, UK), equipped with a
60 mm parallel plate. Each sample (∼2 mL) was placed on the plate,
thermally equilibrated at the relevant temperature (5, 25, 35, 45 or
55 °C) for 2 min before the measurement and the samples were visually
free from foam and air bubbles. In order to minimize the effect of water
evaporation at high temperatures, a thin layer of silica oil was added to
the cover of the plate. The measurement was carried out over a shear
rate range of 0.1 to 300 s−1 over 2 min.
2.6.2. Rheological thermo-reversibility of emulsions
The rheological thermo-reversibility of emulsions was assessed
using the same analytical approach as described above. The heating
programme was chosen to allow sample equilibration for 2 min at 5 °C
with no shearing, followed by holding for 10 min at 5 °C, heating at
25 °C/min to reach 55 °C, peak temperature hold for 20 min, and then
cooling to 5 °C at the same rate and holding at 5 °C for 20 min while
constantly shearing at a rate of 3 s−1 throughout analysis.
Measurements were performed at least four times.
2.7. Interfacial protein load
The amount of protein adsorbed onto the fat droplet surface was
determined using an indirect approach, as described by Mulvihill and
Murphy [36] and Tomas et al. [40] with some modifications, by mea-
suring the protein content in the aqueous phase after separation of the
fat and aqueous phase by centrifugation. In brief, aliquots (1 mL) were
taken from the temperature-treated emulsions and centrifuged at
15,000 g for 30 min at the relevant temperature in order to maintain the
thermodynamic state of β-casein. Samples were placed in an ice-water
bath after centrifugation to make it easier to remove the cream layer.
The cream layer was removed immediately, to avoid any reversal of β-
CN aggregation, and placed on a filter paper for drying and weighing.
The supernatant and pellet in the serum phase was separated and stored
at 4 °C overnight while stirring (to ensure β-CN dissociated into
monomers). The supernatant fraction was filtered through a 0.22 μm
filter (to remove any fat globules present) and then mixed with the
pellet using a vortex. The recovered solutions were diluted 10-fold with
distilled water and the protein content of the solution was quantified
using the BCA assay (BCA Assay kit Uptima, Interchim, Montlucon,
France). The protein adsorbed on the fat layer was calculated from the
difference between the amount used to make the original emulsion and
the amount of protein measured in the aqueous phase after cen-
trifugation. The specific surface area (m2/g fat) of the fat globules in
emulsions was determined using the Mastersizer 3000 and the protein
load was expressed as:
Protein load (mg/m2) = total amount of protein adsorbed on the fat
surface/total specific surface area
2.8. Confocal laser scanning microscopy
Microstructural analysis was performed using a Leica TCS SP5®
microscope (Leica Microsystems GmbH, Wetzlar, Germany), equipped
with a microscope heating stage (CO102, Linkam Scientific
Instruments, UK). Fifty μl of Rhodamine B (0.01%, w/v in distilled
water) was added to 1 ml of emulsion at 4 °C and mixed thoroughly.
Before microstructural observation, samples containing Rhodamine B
were heated at 25, 45 or 55 °C for 20 min, respectively. Ten μl of each
mixture was then deposited on a microscope slide for observation. The
slide was covered with a coverslip and mounted on the thermostated
microscope stage. The analysis was operated using a 63× oil immersion
objective (numerical aperture 1.4) at an excitation wavelength of 561
(emission detected between 572 and 617 nm) to detect proteins, using a
DPSS laser. Images (8 bit) were acquired in 512 × 512 or 1024 × 1024
pixels. The microscope settings were maintained at a similar value for
different time point measurements for comparison. Observations were
performed during heating and cooling between 25 and 55 °C to evaluate
reversibility of the phenomena.
2.9. Statistical data analysis
The preparation of emulsions and subsequent analyses were carried
out in independent triplicate trials. One-way analysis of variance
(ANOVA), followed by Tukey’s test, was carried out using the Minitab
16 (Minitab Ltd, Coventry, UK, 2007) statistical analysis package.
Differences between means were deemed to be significant at p-
value < 0.05.
3. Results and discussions
3.1. Effect of temperature and divalent cations on the self-association of β-
CN in solutions
The change in size of particles in protein solutions is an important
indicator of protein aggregation. The DLS results showed that 0.5% β-
CN in solution contained particles with a volume mean particle size of
6.82 ± 0.19 nm at 5 °C, indicative of a monomeric form of β-CN. The
aggregation of β-CN is a thermodynamic process involving a range of
interactions, resulting in multi-modal particle size measurements;
therefore, the z-average particle size would be the most representative
value for this polydisperse system. Changes in the z-average particle
size of 0.5% β-CN samples as influenced by divalent salt (CaCl2 and
MgCl2) addition and temperature (5–55 °C) is shown in Fig. S1 (sup-
plementary files). In the absence of added divalent cations, the z-
average particle size of β-CN increased from 19.6 ± 1.2 nm at 5 °C to
29.5 ± 0.5 nm at 55 °C. In a previous study [21], the particle size of β-
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CN in 10 mM imidazole buffer (pH 6.8) increased to 350 nm at 55 °C;
however, the concentration of β-CN was higher, at 1%, which may
promote aggregation even further [18].
In the presence of added MgCl2, no difference in particle size of β-
CN was observed at 5 °C, compared with the control (p > 0.05), sug-
gesting that added MgCl2 did not induce aggregation of β-CN at low
temperature, with β-CN being predominately in the monomeric state.
However, the particle size increased significantly at 55 °C and the z-
average particle size reached 56.8 ± 5.6 nm (p < 0.05). For β-CN
with added CaCl2, markedly higher particle size was obtained over the
entire temperature range (5–55 °C) (p < 0.05) compared to the other
two β-CN samples. At temperatures greater than 25 °C, the z-average
particle size rapidly increased and reached 451 ± 26 nm at 55 °C,
which was almost one order of magnitude higher than that of β-CN/Mg.
These results indicated that adding either MgCl2 or CaCl2 induced ag-
gregation of β-CN, because divalent salts can bind with the negatively-
charged residues of β-CN including phosphoserine residues, glutamic
acid, aspartic acid and free carboxyl groups through ionic interactions,
thereby forming divalent bridges between β-CN molecules [27,28].
Meanwhile, increasing temperature led to greater binding capacity of
both Mg2+ and Ca2+ to β-CN [24,25]. However, the addition of CaCl2
caused a greater increase in protein particle size than MgCl2, possibly
because there is a stronger specific binding to the phosphoserine groups
for calcium compared to magnesium [15,25,27]. In addition, Cuomo
et al. [28] suggested that calcium and magnesium bind to different
binding sites on casein, where the main calcium-binding sites are
phosphoserine residues while the main magnesium-binding sites are
possibly free carboxyl groups. The reversibility of β-CN self-assembly
was also examined by DLS (Fig. S1); the particle size of three β-CN
samples all showed decreased particle size upon cooling, and these sizes
were smaller than that of fresh samples at the same temperature, which
indicated that the self-association of β-CN is fully reversible under the
experimental conditions used.
3.2. Effect of temperature and divalent cations on the β-CN-stabilised
emulsions
Emulsions stabilised with 0.5% β-CN, β-CN/Ca or β-CN/Mg were
prepared under controlled temperature conditions at ∼10 °C in order to
maintain β-CN molecules in a monomeric state when adsorbing to the
oil/water interface. The same experimental conditions (i.e., tempera-
ture, divalent ion content and heating time) as in Section 3.1 for β-CN
solutions were used for β-CN emulsions to study the impact of β-CN
aggregation on the physicochemical properties of its emulsion system.
3.2.1. Effect of temperature on the physical properties of β-CN-stabilised
emulsions
Emulsions made with β-CN (E[β-CN]) were incubated at different
temperatures between 5 and 55 °C for 20 min. It was found that E[β-
CN] remained homogeneous, was milk-white in appearance (Fig. 1),
and displayed Newtonian behaviour at all temperatures (Fig. S3A,
supplementary files). A bimodal fat globule size distribution of E[β-CN]
ranging from 0.3 to 10 μm was observed over the entire temperature
range (Fig. S2A, supplementary files). Increasing the temperature did
not cause a significant (p > 0.05) increase in the droplet size (both D
[3,2] and D [4,3]) or decrease in specific surface area (Table 1).
The creaming stability of E[β-CN] after incubation at 5, 35 and
55 °C was monitored using an analytical centrifuge (LUMiSizer®), as
presented in Fig. 2. The slope of the integral transmission-time curve is
an indicator of creaming stability, i.e., greater increases indicate lower
stability. The slope of the integral transmission-time curve for E[β-CN]
increased with increasing temperature: 0.20 (5 °C), 0.51 (35 °C) and
0.74 (55 °C) % per min, respectively. However, the higher slope value
may not represent a lower stability of emulsions at high temperatures,
as the droplet size did not show a significant increase with temperature
from 5 to 55 °C (Table 1). The increase in slope value is more likely
attributed to the high temperature and centrifugal force, which pro-
mote particle Brownian motion, resulting in a more efficient separation
between the oil and aqueous phases at 55 °C.
Additionally, the protein load of the emulsion was measured, with
no significant differences in both total surface protein content and
protein load over the entire temperature range (5–55 °C, Table 1); these
results illustrate that there was sufficient protein to fully cover the oil
droplets. The microstructure of E[β-CN] at 25, 45 and 55 °C obtained
from CLSM are shown in Fig. 4A; proteins (mainly β-CN) were non-
covalently stained using Rhodamine B (pseudocoloured green) and the
hollow, black regions visible in the images corresponded to fat globules.
The microscopy analysis showed that most of the protein located at the
surface of fat globules and the fat globules dispersed in the aqueous
phase. No depletion flocculation was visualised due to the low protein
content.
3.2.2. Effect of temperature on the physical properties of β-CN-stabilised
emulsions with added divalent cations
The addition of divalent cations in the form of chloride salts (CaCl2
or MgCl2) prior to homogenization caused a slight lowering of ability of
β-CN to stabilise emulsions at 5 °C, as reflected in a significant increase
(p < 0.05) in droplet size and a reduction in the specific surface area,
as shown in Table 1. This is presumably due to a reduction of charge
density of the β-CN molecules, which impairs the effectiveness of the
protein in rapidly saturating the newly formed oil/water interface
during emulsion formation [15,41]. The addition of calcium had a
significant influence on the physical properties of E[β-CN] with in-
creasing temperature. The droplet size of emulsions stabilised with β-
CN/Ca (E[β-CN/Ca]) did not increase with increasing temperature until
a temperature of 45 °C was exceeded (p < 0.05) (Table 1), and the
corresponding fat globule size distribution range was much greater at
55 °C (0.3–100 μm) than that at 25 °C (0.3–10 μm) (Fig. S2B) due to
visible flocculation at 55 °C as shown in Fig. 1. Shear-thinning beha-
viour of E[β-CN/Ca] at 55 °C was observed compared with a Newtonian
behaviour at lower temperatures (≤ 45 °C) (Fig. S3B). This is consistent
with the results of Dauphas et al. [37], who found a stable β-CN
emulsion at 4 °C in the presence of 20 mM CaCl2 which flocculated at
37 °C and showed shear-thinning behaviour and rheological behaviour
strongly dependent on calcium concentration. It is interesting to note
that the integral transmission-time curve of E[β-CN/Ca] at 5 and 35 °C
(Fig. 2A and B) showed similar stability as E[β-CN] and E[β-CN/Mg].
However, for E[β-CN/Ca] at 55 °C, the slope of the curve actually de-
creased to 0.2% per minute. This can be explained as a lower light
transmission of the aqueous phase obtained after centrifugation in the
integral transmission-position profile of emulsions inserted in Fig. 2C.
For instance, the position at 128 mm represented the aqueous phase
after phase separation induced by centrifugal force. It can be seen that
the three emulsions had the same transmission value (5%) at the early
stage of centrifugation (first red line at the bottom); after centrifuga-
tion, E[β-CN] and E[β-CN/Mg] showed transmission values ∼90%,
whereas a very low light transmission value (∼25%) was measured for
E[β-CN/Ca] (first green line at the top). This indicates that the aqueous
phase of E[β-CN/Ca] had a higher turbidity [38], which is caused by
the presence of large β-CN aggregates (450 nm) formed by Ca2+ brid-
ging of individual β-CN protein molecules at 55 °C [21].
The confocal microscopy images of E[β-CN/Ca] provided more
details on the fat globule size and protein distribution. As seen in
Fig. 4B, a continuous protein surface layer was observed at 25 °C. The
oil droplets dispersed in aqueous phase appeared larger in size than
those of E[β-CN], which is consistent with the light-scattering results
above. After heating at 45 °C for 20 min, the fat globules still dispersed
in the aqueous phase, but the structure of the adsorbed layer changed,
as reflected by the stronger fluorescent signals (pseudocoloured green)
unevenly distributed on the oil droplets in Fig. 4B. This is indicative of
an interaction between adsorbed β-CN and non-adsorbed large β-CN
aggregates (230 nm) via calcium bridges that altered the interfacial
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structure, but the repulsive forces between droplets were apparently
strong enough to protect them from flocculation. For E[β-CN/Ca] in-
cubated at 55 °C, a compact network structure was formed with fat
globules connected by protein aggregates, which presented a gel-like
visual appearance (Fig. 1). Furthermore, the pixel intensity of the
aqueous phase, as determined by image analysis of E[β-CN/Ca] images
at 55 °C, was lower than that at 25 and 45 °C, suggesting that less free
protein remained in the aqueous phase (Fig. 4B). This result correlated
well with the protein load measurement which showed a higher total
surface protein level for E[β-CN/Ca] at high temperatures (≥ 45 °C)
(Table 1).
It should be noted that the β-CN concentrate ingredient used in this
study contains 16% whey protein as a % of total protein. The experi-
mental temperatures employed in this study are all lower than the
denaturation temperature (∼70 °C) of whey proteins [42]. Hence,
droplet flocculation caused by the denaturation of whey proteins can be
eliminated from further consideration. The results of E[β-CN] also
confirmed there was no depletion flocculation for emulsions under the
Fig. 1. Visual appearance of emulsions (10% sunflower oil, pH 6.8) stabilised with β-casein (E[β-CN]), β-casein+3.5 mM Ca (E[β-CN/Ca]) or β-casein+3.5 mM Mg
(E[β-CN/Mg]) in 10 mM imidazole buffer at 25 °C, and after heating to 55 °C with 20 min equilibration, followed by cooling to 25 °C.
Table 1
Characteristics of fat globules in emulsions prepared with β-CN (E[β-CN]), β-CN+3.5 mM Ca (E[β-CN/Ca]) or β-CN+3.5 mM Mg (E[β-CN/Mg]) as a function of
temperature in the range 5–55 °C.
Emulsion Temperature (°C) Fat globule size parameter (μm) Total surface protein (mg/g emulsion) Specific surface area (m2/g fat) Protein load (mg/m2)
D [3,2]1 D [4,3]2
E[β-CN] 5 1.02 ± 0.03Aa 1.75 ± 0.08Aa 2.15 ± 0.23Aa 5.88 ± 0.18Aa 3.65 ± 0.28Aa
25 1.05 ± 0.06Aa 1.76 ± 0.13Aa 2.18 ± 0.45Aa 5.76 ± 0.34Aa 3.82 ± 0.93Aa
35 1.08 ± 0.04Aa 1.83 ± 0.07Aa 2.1 ± 0.24Aa 5.58 ± 0.24Aa 3.78 ± 0.57Aa
45 1.1 ± 0.07Aa 1.89 ± 0.13Aa 1.92 ± 0.24Aa 5.45 ± 0.37Aa 3.56 ± 0.66Aa
55 1.13 ± 0.05Aa 1.91 ± 0.08Aa 2.03 ± 0.25Aa 5.3 ± 0.24Aa 3.85 ± 0.63Aa
E[β-CN/Ca] 5 1.19 ± 0.01Ab 2.36 ± 0.11Ab 1.93 ± 0.12Aa 5.02 ± 0.02Ab 3.72 ± 0.19Aa
25 1.15 ± 0.03Aab 1.95 ± 0.08Aa 1.95 ± 0.1Aa 5.23 ± 0.15Aab 3.66 ± 0.11Aa
35 1.21 ± 0.04Ab 2.16 ± 0.14Ab 1.95 ± 0.16Aa 4.94 ± 0.14Ab 3.89 ± 0.16Aa
45 1.27 ± 0.09Aa 2.54 ± 0.13Ab 2.51 ± 0.13Bb 4.75 ± 0.35Aa 5.22 ± 0.07Bb
55 1.68 ± 0.21Bb* 6.18 ± 2.04Bb* 3.49 ± 0.18Cb 3.62 ± 0.43Bb 9.74 ± 1.28Cb
E[β-CN/Mg] 5 1.15 ± 0.02Ab 2.03 ± 0.02ABc 1.86 ± 0.16Aa 5.21 ± 0.09Ab 3.56 ± 0.28Aa
25 1.18 ± 0.03ABb 1.98 ± 0.02Aa 2.14 ± 0.29Aa 5.08 ± 0.12ABb 4.22 ± 0.67Aa
35 1.21 ± 0.03ABb 2.03 ± 0.02ABab 2.04 ± 0.15Aa 4.94 ± 0.11ABb 4.14 ± 0.31Aa
45 1.23 ± 0.03ABa 2.09 ± 0.03BCa 2.08 ± 0.15Aab 4.88 ± 0.11ABa 4.25 ± 0.26Aa
55 1.24 ± 0.05Ba 2.12 ± 0.04Ca 2.10 ± 0.26Aa 4.85 ± 0.18Ba 4.34 ± 0.63Aa
1D [3,2] represents Sauter mean diameter.
2D [4,3] represents volume mean diameter.
(A-C)Values within a column, for individual emulsion not sharing a common superscript differed significantly (P < 0.05).
(a–c)Values within a column, for each individual temperature not sharing a common superscript differed significantly (P < 0.05).
*For fat globule size measurement using static light scattering, the gentle stirring and dilution with distilled water during the measurement may break down some of
the weak flocs of the flocculated E[β-CN/Ca] (55 °C).
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Fig. 2. Transmission of near-infrared light
during analytical centrifugation of β-
casein-stabilised emulsions (10% sun-
flower oil, pH 6.8) (□), with added CaCl2
(○, 3.5 mM total Ca) or with added MgCl2
(Δ, 3.5 mM total Mg). Emulsions were in-
cubated at (A) 5 °C, (B) 35 °C or (C) 55 °C
for 20 min before centrifugation, with
figures showing transmission as a function
of time derived from the inserted integral
transmission-position profiles (the posi-
tion range from 113 to 129 mm was read).
Each data point is the average of data
from three independent replicate experi-
ments and two replicate measurements.
The error bars represent the standard de-
viation of the mean.
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experimental conditions used in this study. Based on the microscopy
results and surface protein content, it can be assumed that this calcium-
induced destabilisation of E[β-CN] is due to bridging flocculation and
this destabilisation is attributed to the interaction of adsorbed β-CN on
different droplets and interaction between adsorbed β-CN and non-
adsorbed β-CN aggregates in the aqueous phase via calcium bridges [8].
It is worth noting that there was no significant increase in droplet
size of E[β-CN/Ca] at 55 °C compared to low temperatures according to
the microstructural imaging analysis. This suggests that the particle size
measurement of flocculated emulsion using the light-scattering method
may misinterpret the real droplet size and also confirms that the ag-
gregation/gelation of E[β-CN/Ca] is caused by droplet flocculation
rather than droplet coalescence.
E[β-CN] fortified with MgCl2 (E[β-CN/Mg]) did not show an in-
crease in the droplet size distribution at the higher temperatures
(Table 1), demonstrating that no flocculation occurred in the tem-
perature range (5–55 °C) studied, which correlates with the visual ap-
pearance in Fig. 1. Except for the droplet size, E[β-CN/Mg] showed
similar physical behaviour to E[β-CN], including creaming stability,
viscosity, protein load (p > 0.05) and microstructure.
3.2.3. Reversibility of thermal aggregation of emulsions stabilised with β-
CN/Ca
The thermal aggregation of E[β-CN/Ca] was reversible upon cooling
(Fig. 1). This thermo-reversibility was studied by dynamic viscosity
measurements as a function of temperature and using microscopy
techniques. The apparent viscosity of the three emulsions under a
heating/cooling cycle (5→55→5 °C) is shown in Fig. 3 and Table 2. All
the emulsions showed low viscosity (2.33-4.91 mPa∙s) when equili-
brated at 5 °C. When samples were heated at 55 °C, the viscosity of
emulsions prepared with β-CN or β-CN/Mg did not show any change
during the holding time, whereas E[β-CN/Ca] displayed a considerable
increase in viscosity after holding at 55 °C for 7 min, which is indicative
of a substantial increase in the extent of droplet flocculation. The
viscosity reached a maximum (∼2000 mPa∙s) in 5 min, after which the
viscosity decreased. This is possibly because the shearing applied dis-
rupted the flocculated droplets after formation, although the shear rate
was very low (3 s−1) [43], which is indicative of a very weak structure
of the aggregates. Once the temperature was lowered to 5 °C, the
viscosity of E[β-CN/Ca] rapidly decreased to its pre-heating value. The
confocal microscopy images in Fig. 4B also showed that the droplets in
E[β-CN/Ca] flocculated, resulting in a compact network structure at
55 °C, and returning to the original emulsion structure upon cooling
without any significant change in droplet size.
3.3. Effect of β-CN aggregation on β-CN-stabilised emulsions
The results presented in this study seem to suggest that the
aggregation of β-CN strongly influenced the physical behaviour of β-
CN-stabilised emulsions, especially in the presence of Ca2+. For con-
ditions corresponding to β-CN in the monomeric and micellar state
(without divalent cation addition), β-CN-stabilised emulsions were re-
latively stable to flocculation between 5 and 55 °C, likely due to the low
protein content of 0.5%, w/v. According to previous studies [10,30],
depletion flocculation could be induced by an excess of non-adsorbed
protein in concentrated emulsions. Additionally, no increase in protein
load was observed for E[β-CN] with increasing temperature. This de-
monstrates that the state of adsorbed β-CN may not be affected by
temperature once β-CN is adsorbed on the oil/water interface, and
therefore the heat-induced aggregation of β-CN would mainly occur on
non-adsorbed β-CN in aqueous phase. The adsorption of protein to an
interface is a thermodynamic process, and interchange reactions be-
tween adsorbed and non-adsorbed protein can take place [44–46].
However, the aggregated proteins (i.e., micellar β-CN) show less surface
activity than the dispersed proteins (i.e., monomeric β-CN) due to their
less flexible structure, which makes them less favourable for adsorbing
to an interface [36]. Therefore, it is concluded that, in a β-CN-stabilised
emulsion, the β-CN molecules adsorbed at the interface are in a
monomeric state, regardless of the state of aggregation in the aqueous
phase (monomers or aggregates).
The addition of divalent ions (Ca2+ or Mg2+) promoted heat-in-
duced aggregation of β-CN and different aggregation states (particle
size) were observed depending on temperature and the type of cation
(Fig. S1). It is interesting to note that E[β-CN/Ca] did not exhibit
flocculation until temperatures exceeded 45 °C although large ag-
gregates (230 nm) had already formed at 45 °C. The destabilisation of E
[β-CN/Ca] can be explained through two aspects:
(i) A charge effect on O/W interface: high temperature induces cal-
cium-binding to the adsorbed β-CN, thereby leading to a reduction
in negative charge surrounding the oil droplets, and therefore re-
ducing the repulsive forces between oil droplets. The lowering of
the charge density also induces a reduction in the steric stabilisa-
tion [15,24,28];
(ii) State of β-CN in aqueous phase: calcium results in a dramatic in-
crease in particle size of β-CN aggregates in the aqueous phase
(450 nm) at higher temperature (55 °C), as shown in Fig. S1.
Moreover, high temperatures promote the collision frequency of
droplets under the influence of Brownian motion. These factors lead to
the repulsive barrier between oil droplets being overcome and large β-
CN aggregates acting as cross-linkers to connect each oil droplet by
calcium bridges as the total surface protein level increased at 55 °C (see
Table 1). Therefore, a compact network structure of E[β-CN/Ca] can be
formed, which is a thermo-reversible reaction driven by hydrophobic
interactions. Due to a weak binding affinity of Mg2+, compared with
Fig. 3. Apparent viscosity profiles of emulsions (10% sunflower
oil, pH 6.8) stabilised with β-CN (■), β-CN/Ca (●) or β-CN/Mg
(Δ) during heat treatment with a peak temperature hold of 55 °C
for 20 min. Dashed line represents the temperature profile. Each
data point is the average of four independent replicates, and error
bars represent the standard deviation of the mean.
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Fig. 4. Confocal micrographs of emulsions stabilised with (A) β-CN, (B) β-CN/Ca or (C) β-CN/Mg following incubation at different temperatures (25, 45 or 55 °C) for
20 min, showing the fluorescence signal corresponding to the 561 nm laser excitation (protein phase labelled by Rhodamine B) at zoom 1, 3 and 5. Scale bar: 10 μm.
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Fig. 4. (continued)
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Fig. 4. (continued)
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Ca2+, to β-CN [27,28,47], small aggregates (56 nm) were formed in β-
CN/Mg solution at 55 °C and the corresponding emulsions were stable
to flocculation.
4. Conclusion
This study has shown that the addition of ionic calcium promoted
aggregation of β-CN more than ionic magnesium. Bridging flocculation
in a β-CN-stabilised emulsion did not occur until very large β-CN ag-
gregates (∼ 450 nm) were formed, induced by both temperature in-
crease and calcium addition, which was reversed upon cooling. This
thermo-reversible behaviour of the emulsions is similar to that observed
for β-CN/Ca in solution. Therefore, the stability of β-CN stabilised
emulsions is very dependent on the extent of β-CN aggregation, which
is affected by many factors, such as temperature, calcium concentra-
tion, pH, ionic strength and β-CN purity [18,19,21,48]. The greatest
effect appears to be on the particle size of the β-CN aggregates, which
could be a good indicator for predicting flocculation. The findings of
this novel research are of relevance to end-users of β-casein-enriched
ingredients in controlling the aggregation state of β-CN in formulated
nutritional products such as β-CN-enriched infant nutritional products.
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Confocal laser scanning microscopy
Covalent labelling techniques
a b s t r a c t
The objective of this work was to investigate the effect of covalent labelling on the physico-chemical
properties of b-casein (b-CN) in solution and in emulsions stabilized by b-CN and whey protein isolate
(WPI). b-CN was covalently labelled by 5-(and 6)-carboxytetramethylrhodamine, succinimidyl ester
(NHS-Rhodamine). The effect of conjugating b-CN with NHS-Rhodamine on the spectroscopic properties
of labelled b-CN (b-CNlabelled) was examined. No significant difference in interfacial tension (p > 0.05)
was found between mixture of WPI and b-CNlabelled (0.5% w/w WPI/b-CNlabelled) and of WPI and b-CN
(0.5% w/w WPI/b-CN) in 10 mM phosphate buffer (pH 7.0) at 20 C. Oil-in-water emulsions stabilized
with either WPI/b-CN or WPI/b-CNlabelled (0.5% w/w) were also investigated using laser-light scattering,
analytical centrifugation, rheometry and CLSM. It was shown that labelling had no significant effect on
the physico-chemical properties of emulsions (p > 0.05) in terms of droplet size, creaming stability,
viscosity or zeta-potential. Confocal micrographs of emulsions made with WPI/b-CNlabelled showed that
both b-CN and whey proteins could be observed simultaneously, and were co-localized at the surface of
fat globules. Furthermore, it was found through image analysis that b-CN produced a thicker interfacial
layer than WPI.
© 2016 Published by Elsevier Ltd.
1. Introduction
Dairy proteins are often used as emulsifiers in a variety of dairy
products. They adsorb at the surface of newly formed oil droplets
during homogenization, thereby producing a layer to protect the oil
droplets against coalescence and flocculation during storage. The
nature of the adsorbed layer at the oil-water interface is one of the
most important factors determining the physico-chemical behav-
iours of emulsions, and a large number of studies have examined
the adsorption behaviours of proteins at the oil droplets surface
(Dickinson, 2001; Dickinson & Parkinson, 2004; McClements,
2004; McSweeney, Mulvihill, & O’Callaghan, 2004; Raikos, 2010).
Dairy proteins are classified into two main categories: caseins
and whey proteins. Caseins, consisting of as1-, as2-, b- and k-casein,
are self-assembled in milk into particles called casein micelles with
k-casein located predominately at the surface of the micelle (Fox &
McSweeney, 2003). Caseins are relatively heat-stable but tend to
aggregate upon lowering the pH and become insoluble at their
isoelectric point of pH 4.6 (Hammarsten, 1883; van Slyke & Barker,
1918). All caseins have a large proportion (35e45%) of hydrophobic
amino acid residues (e.g. Val, Leu, Phe, Tyr, Pro), especially b-CN.
One of the most abundant caseins, b-CN has a flexible linear
disordered secondary structure and no intramolecular crosslinks. It
has a hydrophilic region at the N-terminal and a hydrophobic re-
gion of zero net charge at the C-terminal of themolecule (Parkinson
& Dickinson, 2004; Rollema, 1992). b-CN includes 5 phospho-
serines in the hydrophilic part, which gives a high net negative
charge at the natural pH of milk (Dickinson, 1997). The presence of
phospho-serine residues in b-CN provides the thickness and steric-
stabilizing properties of the absorbed layer surrounding the oil
droplets. Its highly amphiphilic nature contributes to the emulsi-
fying properties.
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b-CN has been shown to be one of the most surface-active dairy
proteins (Mitchell, Irons, & Palmer, 1970). It has been reported that
b-CN adsorbed more rapidly at the oil-water interfaces and was
more effective in reducing the interfacial tension compared with
other caseins (Dickinson, 1989). Therefore, b-CN can be used as an
effective emulsifier in formulated emulsion systems. In addition, b-
casein exists in solution in a molecular or aggregated state
depending on the concentration, temperature and ionic strength. It
was concluded (Dauphas et al., 2005) that at low temperature
(<15 C), b-casein generally is found as monomers with a mean
diameter of 7e8 nm. It aggregates into a micellar state with a
diameter of 20e25 nmwhen temperature increases to 35 C in the
absence of salt. Adding calcium (Ca2þ) leads to formation of b-CN
sub-micelles or aggregates because the electrostatic repulsion be-
tween molecules decreases when calcium associates with phos-
phoserine residues. McCarthy, Kelly, O’Mahony, and Fenelon (2013)
illustrated that calcium-induced aggregation was decreased when
dephosphorylated bovine b-CN was used to stabilize emulsions.
The major whey proteins in bovine milk are b-lactoglobulin (b-
lg), a-lactalbumin (a-la) and bovine serum albumin (BSA). They are
compact globular proteins characterised by well-defined three-
dimensional structures held together by di-sulphide bonds. Whey
proteins are sensitive to temperature and are readily denatured at
temperature >75 C (Millqvist-Fureby, Elofsson, & Bergenståhl,
2001). Many studies have shown that caseins (e.g. as1-, as2-, b-
and k-casein) can act in a similar manner as molecular chaperones
to inhibit the thermal denaturation of whey proteins (Guyomarc’h,
Nono, Nicolai, & Durand, 2009; Kehoe & Foegeding, 2011, 2014;
Morgan, Treweek, Lindner, Price, & Carver, 2005; O’Kennedy,
Mounsey, Murphy, Duggan, & Kelly, 2006). Whey proteins are
used as dairy ingredients due to their nutritional and functional
properties. They are also excellent emulsifiers, and are slightly less
surface-active than caseins (Hunt & Dalgleish, 1994). Previous
studies have shown that the inhibition of droplet flocculation can
be achieved in whey protein-stabilized emulsions by incorporation
of very small amounts (e.g. 0.015% w/w b-CN in the total emulsion)
of casein (Dickinson & Parkinson, 2004; Parkinson & Dickinson,
2004). Whey protein isolate (WPI) is a commercially available
whey protein product, which is produced by either selective ion
exchange technology (e.g. BiPRO®) or a membrane-based separa-
tion process. It contains a higher protein content (90e95% on a dry
weight basis) compared to whey protein concentrate (WPC,
generally 30e70% protein) and (sweet/acid) whey powder (9e13%
protein).
Microscopy techniques are widely applied for visualising and
interpreting physical and chemical analyses. Confocal laser scan-
ning microscopy (CLSM) has been used to visualise different food
structures, such as cheese, mayonnaise, milk powder and meat
(Auty, Twomey, Guinee, & Mulvihill, 2001; Maher, Auty, Roos,
Zychowski, & Fenelon, 2015). Emulsion fat droplet size can be
observed directly using CLSM for comparison with the results from
light scattering (Lopez, Madec, & Jimenez-Flores, 2010). van de
Velde, Weinbreck, Edelman, van der Linden, and Tromp (2003)
described how improved contrast may be obtained by differences
in fluorescence, either by auto-fluorescence of the material or by
the addition of fluorescent dyes. It is possible to stain proteins, fats
and polysaccharides simultaneously using various fluorescent
probes/dyes via covalent or non-covalent labelling (Auty, 2013;
Dickinson & Yamamoto, 1996). Single or multiple probes have
been frequently used to observe the phase distribution of protein/
fat system and protein/polysaccharide system (Abhyankar,
Mulvihill, Chaurin, & Auty, 2011; Ciron, Gee, Kelly, & Auty, 2010).
For example, the visualization of fats and proteins in food could be
achieved using either Nile blue only (Brooker, 1995) or a mixture of
Nile Red and Fast Green FCF (Auty et al., 2001). Covalent labelling of
polymers allows for an exact measurement of multiple components
in a systemwithout over-staining. Covalently-labelled proteins can
be used to visualize one specific protein in a complex system. There
are a variety of reactive commercial protein probes with different
fluorescence properties, such as carboxylic acid succinimidyl ester,
isothiocyanate or sulphonyl halides. They bind to the reactive
amine groups of the proteins via covalent bonds under slightly
alkaline conditions (van de Velde et al., 2003).
However, it is difficult to determine if the physico-chemical
properties of the labelled protein have changed compared to
those of the native form due to the labelling process. For most
situations, it is assumed that labelling does not change the prop-
erties of the labelled component, without verifying the effect of the
labelling on the physical characteristics of themodified component.
The main objectives of this study were: (1) to investigate the
effect of conjugating b-CN with NHS-Rhodamine, using the cova-
lent labelling technique, on the physico-chemical properties of
labelled b-CN (b-CNlabelled); (2) to examine whether covalent
labelling with NHS-Rhodamine can be used to distinguish whey
proteins from b-CN in emulsions, using CLSM; and (3) to determine
the effect of covalent labelling of b-CN on the physico-chemical
properties of emulsions stabilized with WPI/b-CN at neutral pH
and room temperature.
2. Materials and methods
2.1. Materials
Whey protein isolate (WPI, BiPRO®) was obtained from Davisco
Foods International Inc. (Le Sueur, Minnesota, USA). The protein
content (93.3%) was determined in-house by the Kjeldahl method
(IDF Standard, 26, 2001) using a nitrogen-to-protein conversion
factor of 6.38. b-casein, from bovine milk (98% purity) and
phosphate buffered saline, pH 7.4 (containing 0.47% phosphate
buffer, 0.1% KCl and 4% NaCl, w/v) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Commercial sunflower oil was ob-
tained from Tesco Supermarkets Ltd (Co. Cork, Ireland) and used
without purification. NHS-Rhodamine was supplied by Thermo
Fisher Scientific (Rockford, Il, USA). Unless otherwise specified, all
other reagents were purchased from Sigma-Aldrich.
2.2. Conjugation of b-CN with NHS-Rhodamine via covalent
labelling technique
The covalent labelling technique is designed to visualize one
specific protein in a complex mixture and to overcome the un-
certainties that arise from the use of free fluorescent dyes. In this
study, b-CN was covalently labelled using NHS-Rhodamine which
reacts specifically with primary amine groups including the amino
terminus of proteins and the ε-amino group of lysine to produce a
highly fluorescent conjugate. b-CN was dissolved in 10 mM phos-
phate buffered saline (10 mg/ml, pH 7.4) before labelling with NHS-
Rhodamine (10 mg/ml in DMF, molar ratio of dye:protein ¼ 5:1).
Themixturewas incubated at room temperature in the dark for 1 h.
To remove the unbound dye, the mixture was crudely purified by
passing through PD-10 desalting columns (GE Healthcare Life Sci-
ences, Buckinghamshire, UK) under gravity, and then dialysed four
times against phosphate buffered saline (10 mM) and twice against
distilled water in order to remove the free dye and salt completely
(no colour observed). The covalently labelled b-CN solution was
then freeze-dried and stored in a desiccator under anhydrous
conditions in the dark. The protein concentration (%, w/w) and
degree of labelling (DOL) of b-CNlabelled were estimated using
Equations (1) and (2), respectively.
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where,
Dye concentration mg=mlð Þ
¼ concentration of free dye A353 of labelled protein
A353 of free dye
 dilution factor
Mw of dye ¼ 528 Da.
Mw of protein ¼ 24,000 Da.
2.3. Determination of native protein concentration by reversed-
phase high performance liquid chromatography (RP-HPLC)
The concentration of individual native proteins in WPI was
analysed by RP-HPLC (Waters, Milford, MA, USA). Separation was
performed on a Source 5RPC column at 28 C (Amersham Bio-
sciences, UK, Ltd.). The HPLC system consisted of a Waters 2690
Separation Module, a Waters 2487 Dual Lambda Absorbance De-
tector and Empower Millennium software. Buffer A contained 0.1%
(v/v) TFA in Milli-Q® water and buffer B contained 90% acetonitrile
and 0.1% TFA in Milli-Q® water. The results indicated that WPI
(BiPRO®) contains 19.4% a-la, 78.9% b-lg and 1.7% BSA (native
protein).
2.4. Spectrophotometric measurements
Solutions of NHS-Rhodamine (5 mg/ml), b-CN (0.02%) or b-
CNlabelled conjugate (120 mg/ml) were prepared in 10 mM phos-
phate buffered saline, pH 7.4. The UV/visible absorbance spectra of
the solutions were recorded individually in thewavelength range of
250e650 nm, using a Cary 1 Spectrophotometer (Varian Inc., Palo
Alto, California, USA).
A Cary Eclipse fluorescence spectrofluorimeter and a
1 cm  1 cm quartz cuvette were used to carry out the excitation/
emission measurements for NHS-Rhodamine (5 mg/ml) and the b-
CNlabelled conjugate solution (120 mg/ml) at 25 C. The instrument
settings were as follows: for excitation spectra (450e590 nm) at a
fixed emission wavelength of 600 nm; for emission spectra
(530e700 nm) at a fixed excitation wavelength of 525 nm; both
excitation and emission slit were 5 nm; scan rate, 600 nm/min.
2.5. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
b-CNlabelled and native b-CN were characterised by SDS-PAGE in
order to study the effect of labelling on b-CN. The procedure was
based on that of Laemmli (1970). Briefly, protein samples were
dissolved in sample buffer (62.5 mM Tris-HCl buffer, pH 6.8, con-
taining 20% glycerol, 2% (w/v) SDS and 0.025% (w/v) bromophenol
blue) to achieve a final concentration of 1 mg/ml. For SDS-PAGE
under reducing conditions, 5% b-mercaptoethanol was added to
samples followed by heating at 95 C for 5 min. After cooling to
room temperature, 5 ml of samples were loaded onto a 12% poly-
acrylamide Amersham ECL gel and run using a Amersham ECL Gel
box (GE Healthcare, Uppsala, Sweden). After electrophoresis, the
gels were stained for 1 h using 0.05% (w/v) Coomassie brilliant blue
R-250 in 25% (v/v) isopropanol and 10% (v/v) acetic acid. After
staining, the gels were destained in a 10% (v/v) isopropanol and 10%
(v/v) acetic acid solution until a clear background was achieved.
Molecular weights (Mw) were determined by comparison to pre-
stained protein molecular weight markers (Thermo Scientific,
MA, USA).
2.6. Emulsion preparation
Oil-in-water (O/W) emulsions (10% w/w sunflower oil, 10 mM
sodium phosphate buffer, pH 7.0), stabilized with either b-CN or
WPI at different concentrations (0.3, 0.4 and 0.5% w/w protein),
were pre-mixed using an ultra-turrax® model T25 digital (IKA,
Staufen, Germany) equipped with a S18N-19G dispersion unit at
6600 rpm for 15 s. The coarse emulsions were then passed once
through a laboratory homogenizer (high pressure laboratory ho-
mogenizer, Delta Instruments B.V., Kelvinlaan, Drachten, The
Netherlands) at an input pressure of ~4 MPa. A 0.5% total protein
concentration was selected to produce mixed layer emulsions sta-
bilized with WPI and b-CNlabelled in a protein ratio of 50/50 (w/w).
An emulsion made with WPI and b-CN was used as a control. So-
dium azide (0.02% w/v) was added as an antimicrobial agent. After
homogenization, the pH of all samples was adjusted to 7.0 using
HCl or NaOH and samples were stored at 4 C cold room. Analyses
were carried out at 0 (fresh emulsion) and 3 d post emulsion
preparation.
2.7. Determination of oil droplet size
The average oil droplet size distribution of each emulsion was
determined using a laser-light diffraction unit (Mastersizer 3000,
Malvern Instruments Ltd, Worcestershire, UK). The optical param-
eters chosenwere a particle and dispersant refractive index of 1.456
and 1.33, respectively. The absorbance value of the emulsion
droplets was 0.01. Laser obscuration was controlled between 5 and
12%. The size distributionwas obtained using polydisperse analysis,
while droplet size measurements of emulsions were recorded as




nidi2, where ni is the
number of droplets with diameter di) and the volume weighed
mean (D4,3). Measurements were carried out in triplicate.
Protein concentration %; w=wð Þ ¼ weight of labelled protein dye concentration total volume
weight of labelled protein
(1)
Degree of labelling moles dye per mole proteinð Þ ¼
dye concentration mg=mlð Þ
Mw of dye
protein concentration mg=mlð Þ
Mw of protein
(2)
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2.8. Emulsion stability
The stability of emulsions was determined using a multiple
analytical centrifuge (LUMiFuge 116 stability analyser, L.U.M GmbH,
Berlin, Germany). Aliquots (0.4 ml) were placed in polycarbonate
sample cells (2 mm 8 mm) and centrifuged at 1500 rpm for 1 h at
25 C, with transmission profiles measured at 1 min intervals. The
result was expressed as the integrated transmission percentage
against time. The slope determines the creaming stability of
emulsions, with lower values indicating better creaming stability.
2.9. x-potential measurement
Zeta potential of the emulsions was measured using a Zetasizer
Nano-ZS90 (Malvern Instruments, Worcestershire, UK). Emulsions
were diluted a 1000 times using 10 mM sodium phosphate buffer
(pH 7) to minimize multiple scattering effects.
2.10. Apparent viscosity
Measurement of apparent viscosity was performed using a
controlled-stress rheometer (AR2000ex Rheometer, TA Instrument,
Crawley, UK), equipped with a concentric cylinder geometry (stator
inner radius ¼ 15 mm, rotor outer radius ¼ 14 mm). Each sample
(~15 g) was placed into the cylinder, equilibrated for 2 min before
measurement. In order to minimize the effect of water evaporation,
a thin layer of n-tetradecane was added to the surface of the
sample. The measurement was accomplished over a shear rate
range of 10e300 s1 at 25 C.
2.11. Measurement of interfacial tension (IFT)
Measurements of dynamic interfacial tension were carried out
as described by Drapala, Auty, Mulvihill, and O’Mahony (2015) with
a Krüss K12 Tensiometer at 20 ± 0.5 C over 60 min. Heavy phase
(25 ml of 10 mM phosphate buffer or 0.5% protein solutions) and
light phase (25 ml of sunflower oil) were used. Interfacial tension
was recorded continuously from 0 to 5 min and at 10, 15, 30 and
60 min after forming the interface. The programwas set to record a
maximum of 80 readings per given time point at 1 s intervals,
unless the standard deviation was 0.01 in ten consecutive read-
ings, in which case the measurement would stop for the given time
point.
2.12. Confocal laser scanning microscopy
Microstructural analysis was performed using a Leica TCS SP5®
microscope (Leica Microsystems GmbH, Wetzlar, Germany). In or-
der to reducing Brownian motion of particles, low melting point
agarose was prepared at 1% (w/v) in distilled water and stored at
45 C until utilization. Nile blue (100 ml of 0.05% in distilled water)
was added to 1 ml of emulsion and mixed thoroughly. Before
microstructural observation, sample solutions containing Nile blue
were mixed with the agarose in a ratio of 1:3 to immobilise the
sample and then 5 ml of each mixture was deposited on a micro-
scope slide. The slide was covered with a coverslip and observed
under the microscope at room temperature. The analysis was
operated using a 63  oil immersion objective (numerical aperture
1.4) at excitation wavelengths of 488 nm (emission detected be-
tween 520 and 567 nm) to detect fat, 561 nm (emission detected
between 573 and 613 nm) to detect covalently labelled b-CN and
633 nm (emission detected between 650 and 718 nm) to observe
WPI provided by Argon, DPSS and He/Ne lasers, respectively. Im-
ages (8 bit) were acquired in 1024  1024 pixels using triple
channel imaging. The microscope settings were maintained at a
similar value for different time point measurements for
comparison.
2.13. Statistical analysis
The preparation of solutions, emulsions and subsequent analysis
were carried out in independent triplicates. Analysis of variance
(ANOVA) was carried out using the Minitab 16 (Minitab Ltd,
Coventry, UK, 2007) statistical analysis package. The effect of
treatment and replicates were estimated. One-way multiple-com-
parison test was used as a guide for pair comparisons of the
treatment means. The level of significance was determined at
p < 0.05.
3. Results and discussions
3.1. Effect of covalent conjugation of b-CN with NHS-Rhodamine on
spectroscopic properties
The UV/vis spectra (Fig. 1) showed that 0.05% b-CN solution did
not absorb light at any wavelength in the range 350e650 nm.
However, it had the expected aromatic absorbance peak at 280 nm.
The absorbance spectrum of the NHS-Rhodamine solution (Fig. 1)
displayed an absorbance peak at 554 nm. Covalent conjugation of
Fig. 1. Emission (solid line, excitation at 525 nm) and excitation (dashed line, emission at 600 nm) spectra of b-CN-Rhodamine conjugate (b-CNlabelled) in 10 mM phosphate buffered
saline, pH 7.4. Absorbance spectra of 5 mg/ml NHS-Rhodamine (:), 200 mg/ml b-CN (-) and 120 mg/ml b-CNlabelled (C) were measured for comparison. The insets show the
chemical structure of NHS-Rhodamine (right) and SDS-PAGE (left) of b-CNlabelled (lane 1) and b-CN (lane 2); lane M represents a molecular weight marker.
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b-CN with NHS-Rhodamine led to a splitting of the main peak into
two adsorption peaks at about 520 nm and 556 nm (Fig. 1), which
may be explained by a non-fluorescent dye aggregation (Haugland,
2005). As most of the free dyewas removed by dialysis, aggregation
may only occur between dye molecules covalently bound to the
protein. The protein concentration and degree of labelling of the b-
CNlabelled were calculated as 96.9± 0.4% and 1.42 ± 0.18 (moles of
dye per mole protein), respectively. In addition, Fig. 1 showed the
excitation (maximum at 557 nm) and the emission (maximum at
582 nm) spectra of the b-CNlabelled conjugate, while NHS-
Rhodamine has an excitation maximum at 552 nm and emission
maximum at 576 nm, which means that conjugation with b-CN
caused a slight red-shift in both excitation and emission. Further-
more, SDS-PAGE analysis of b-CN and b-CNlabelled showed that b-
CNlabelled migrated somewhat more slowly, which may be due to
the slightly higher molecular weight of b-CNlabelled compared to
that of b-CN (Fig. 1 inset; Mw of NHS-Rhodamine is 528 Da).
3.2. Effect of covalent labelling on the emulsification property of
protein
The determination of interfacial tension between aqueous so-
lutions and oil is useful for understanding the formation and sta-
bility of O/W emulsions. The type of aqueous solution affects the
oil/aqueous interfacial tension. It should be noticed that the pres-
ence of small amounts of impurities (e.g. lecithin) in commercial
sunflower oil can affect the interfacial tension of proteins. A
decrease in the interfacial tension between the two phases in-
creases the inherent thermodynamic stability of the emulsion
(Gernon, Alford, Dowling, & Franco, 2009). Dynamic interfacial
tension between solutions (e.g. sodium phosphate buffer pH 7.0,
WPI, b-CN, WPI/b-CN or WPI/b-CNlabelled) and sunflower oil over
60 min were recorded (Fig. 2). On formation of an interface be-
tween sunflower oil and phosphate buffer (used as a clean control
interface), the initial interfacial tension (gi) was 18.7 ± 1.3 mN/m,
then decreased to 10.4 ± 0.3 mN/m once equilibrium interfacial
tension (gEq) was reached after 60 min (Fig. 2); the decrease in
interfacial tension was generally achieved within 15 min of the
interface formation. The measured gi and gEq between oil and
protein solutions were significantly lower than that of the clean
interface, indicating the high effectiveness of proteins in reducing
the interfacial tension. Compared with the oil/WPI system
(gi ¼ 11.9 ± 0.2 mN/m, gEq ¼ 3.75 ± 0.03 mN/m), the interfacial
tension of oil/b-CN significantly decreased from 10.5 ± 0.8 to
0.72 ± 0.01 mN/m. This means that b-CN is more surface-active
than WPI in developing an oil/water interface. The effectiveness
of b-CN in reducing the interfacial tension is due to its flexible and
disordered secondary and tertiary structure (Dickinson, 1997;
McClements, 2004). Results for the mixed protein systems were
consistent with those of Seta, Baldino, Gabriele, Lupi, and Cindio
(2014), who reported that the interfacial tension values for mixed
whey protein/b-CN system fell between those of these proteins
individually. The change in interfacial tension over time for the
WPI/b-CN system was similar to that seen for b-CN alone (Fig. 2).
When b-CN was replaced by b-CNlabelled in WPI/b-CN system, there
was no significant difference in gi and gEq for both systems
(Table 1), which shows that the labelling does not affect the
emulsification property of b-CN.
3.3. Effect of covalent labelling on the physical behaviours of
emulsions
Fat droplet size of emulsions made with WPI/b-CN (control
system) or WPI/b-CNlabelled at day 0 and 3 were measured (Table 1).
The use of a lab homogenizer with low pressure (~4 MPa) resulted
in emulsions with a droplet size distribution ranging from 0.28 to
111 mm. No significant difference (p > 0.05) in either D3,2 or the D4,3
























Fig. 2. Dynamic interfacial tension measured between sunflower oil and phosphate
buffer (control) (A), WPI alone (C), b-CN alone (B), a mixture of WPI/b-CN (1:1 by
weight) (-) and a mixture of WPI/b-CNlabelled (1:1 by weight) (▫) at 20 C, pH 7.0,
using the Wilhelmy plate technique.
Table 1
Properties of O/W emulsions stabilized with WPI/b-CN or WPI/b-CNlabelled at day 0 and 3 (mean ± SD, n  3).
Emulsion type Storage day Size D3,2 (mm) Size D4,3 (mm) z-Potential Viscosity (mPa.s)* Creaming stability (%)** gi (mN/m)*** gEq (mN/m)***
Emulsion-WPI/b-CN 0 1.65 ± 0.04a 3.93 ± 0.18a 40.24 ± 2.17a 3.91 ± 0.03a 43.2 ± 1.4a 11.1 ± 0.2a 1.1 ± 0.1a
Emulsion-WPI/b-CN 3 2.11 ± 0.24b 5.61 ± 0.69b e 3.87 ± 0.00a e e e
Emulsion-WPI/b-CNlabelled 0 1.63 ± 0.05a 3.78 ± 0.27a 40.73 ± 2.11a 3.85 ± 0.02a 40.5 ± 1.4a 11 ± 0.7a 1.4 ± 0.1a
Emulsion-WPI/b-CNlabelled 3 1.61 ± 0.04a 3.91 ± 0.39a e 3.82 ± 0.08a e e e
Within a column, values with different superscript letters are significantly different (p < 0.05).
*Absolute viscosity at shear rate 300 s1 at 25 C.
**Integral light transmission value at 60 min at 25 C.
***Initial (gi) and equilibrium (gEq) interfacial tension.
Fig. 3. Creaming stability of fresh emulsions (10% sunflower oil, pH 7.0) made with a
binary mixture of WPI/b-CN (1:1 by weight) (-), a mixture of WPI/b-CNlabelled (1:1 by
weight) (▫), WPI alone (C) and b-CN alone (B), measured using a Lumifuge® stability
analyser. Each data point is the average of four independent replicates.
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storage at 4 C, the droplet size of the control system markedly
increased whereas the droplet size of theWPI/b-CNlabelled emulsion
did not change. Hence, according to the droplet size measurements,
labelling of b-CN had no negative effect on fresh emulsions.
Fig. 3 shows the creaming stability of the four fresh emulsions,
measured by a multiple analytical centrifuge (LUMiFuge). The slope
of the integral transmission-time curve is an indicator of creaming
stability, i.e. greater increases indicate lower stability. As shown in
Fig. 3, the four emulsions had very similar integral transmission
values (~6%) at the starting point. After 1 h centrifugation, theWPI-
based emulsion presented the fastest increase in phase separation
and the integral transmission (%) reached 51.2 ± 2. Meanwhile,
emulsions prepared with b-CN alone, a mixture of WPI/b-CN or a
mixture of WPI/b-CNlabelled had final values at 42.8 ± 2.9, 43.2 ± 1.4
and 40.5 ± 1.4, respectively. This confirms that emulsions made
with WPI alone were the most unstable system compared to the
other three emulsions. These results confirm previous observations
by Parkinson and Dickinson (2004) that the addition of b-casein can
inhibit the creaming effect of whey protein-based emulsions. From
Fig. 3 it appears that emulsions stabilized with WPI/b-CNlabelled
were slightly more stable than those with WPI/b-CN. However, no
significant difference (p > 0.05) in the creaming stability could be
determined between them (Table 1).
The zeta (z)-potential of WPI/b-CN- and WPI/b-CNlabelled-based
emulsions at pH 7.0 was also measured (Table 1). Both emulsions
had negative apparent surface charges, around 40 mV, which
indicates that covalent labelling technique did not significantly
(p > 0.05) change the apparent surface charge of the emulsion
droplets. Furthermore, all emulsions displayed Newtonian behav-
iour. The absolute viscosity of emulsions with or without label, at a
Fig. 4. Confocal micrographs of emulsions stabilized with WPI/b-CN acquired on day 0 (A0-C0) and 3 (A3-C3) during storage at 4 C, showing the fluorescence signal corresponding
to the 488 and 633 nm laser excitation combined (Dual channel) at zoom 1, 3 and 5. Arrows indicate variable thickness of the protein layer at the oil droplet interface. Scale bar:
10 mm.
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Fig. 5. Confocal micrographs of fresh emulsions stabilized with WPI/b-CN or WPI/b-CNlabelled, showing the fluorescence signal corresponding to the 488 nm laser excitation (Blue
channel, fat phase labelled by Nile Blue, image A1 and B1), the 561 nm laser excitation (Green channel, b-CN labelled by Rhodamine, image A2 and B2), the 633 nm laser excitation
(Red channel, all proteins labelled with Nile Blue, image A3 and B3) and the 488, 561 and 633 nm laser excitation combined (Overlay channel, image A4 and B4). The arrow indicates
protein presented in dense aggregates on the surface of the oil droplet. Scale bar: 10 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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shear rate of 300 s1at day 0 and 3, are also shown in Table 1. After
three days storage at 4 C, emulsions showed exactly the same
behaviours throughout the shear rate range of 10e300 s1; there
was no significant difference (p > 0.05) in viscosity at a shear rate of
300 s1 at 25 C.
3.4. Microstructure of mixed protein-based emulsions
The CLSM images of WPI/b-CN-based emulsion (control system)
at 0 and 3d are shown in Fig. 4. Both proteins and oil phase were
non-covalently stained using Nile blue. It showed oil droplets
(pseudocoloured blue) dispersed in a continuous phase generally
with size less than 10 mm, which is consistent with the light scat-
tering data (Table 1). Tromp, van de Velde, van Riel, and Paques
(2001) stated the difficulty of testing functionality changes in
covalently-labelled proteins due to the small quantities of labelled
protein available. In this study, 0.5% (w/w) total proteinwas used as
it was the minimum protein concentration required to prepare a
stable emulsion. Proteins (pseudocoloured red) including WPI and
b-CN were observed mostly at the surface of fat globules but not in
the aqueous phase, which means there is no excess protein in this
emulsion. In addition, it was found that the thickness of the
absorbed protein layers was variable and that these proteins may
appear either as a monolayer or in dense aggregates (Fig. 4 image
C0 and Fig. 5 image A4, arrows). Comparing the microstructure of
emulsions during storage clearly showed that the oil droplets tend
to flocculate after 3 d, presumably due to the low pressure used
during homogenization resulting in an incomplete coverage of
Fig. 6. Confocal micrographs of emulsions stabilized with WPI/b-CNlabelled at different magnifications (zoom 5 and 6.3), showing the fluorescence signal corresponding to the
561 nm laser excitation (Green channel, image A1 and B1), the 633 nm laser excitation (Red channel, image A2 and B2) and the 561 and 633 nm laser excitation combined (Overlay
channel, image A3 and B3). Arrows indicate three regions (ROI 1, ROI 2 and ROI 3) of the protein layer selected for image analysis. Scale bar: 10 mm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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emulsifiers on the surface of oil droplets (McClements, 2004).
The nature of the adsorbed layer is one of the most important
factors determining the stability of emulsions. A combination of
covalent and non-covalent staining techniques was used to visu-
alize two proteins on the interface. The CLSM micrographs of fresh
emulsions made with mixed proteins (WPI/b-CN) and with cova-
lently labelled mixed proteins (WPI/b-CNlabelled) are shown in Fig. 5
(A1-A4, B1-B4). The images show fat globules pseudocoloured blue
(image A1 and B1), b-CN pseudocoloured green (image B2), total
proteins including both WPI and b-CN pseudocoloured red (image
A3 and B3) and the overlay images (image A4 and B4), respectively.
b-CNlabelled could be observed in emulsions while non-covalently
labelled b-CN could not been seen (image B2 and A2), indicating
that the covalent labelling technique allowed visualization of b-CN
in a mixed protein-stabilized emulsion and that the fluorescent
probe was not affected by homogenization. Overlay images (Fig. 5
image B4 and Fig. 6 image A3 and B3), showed a mix of green
and red pseudocolours on the O/W interface, indicating both whey
proteins and b-CN were co-localized at the surface of fat globules.
The adsorbed protein layer which is pseudocoloured either yellow
(i.e. a mix of green and red channels) or greenwas b-CN, whilst WPI
was pseudocoloured red. Therefore, WPI could be distinguished
from b-CN in emulsions using covalent and non-covalent labels.
On increasing to higher zoom factors (Fig. 6), WPI (pseudocol-
oured red in the overlay channel, Fig. 6 image A3) and b-CN
(pseudocoloured yellow in the overlay channel, Fig. 6 image A3)
were observed simultaneously and co-localized at the O/W inter-
face. Images also revealed other information (Fig. 6 image B1-B3),
for example, pixel intensity of three regions of interest (ROI)
labelled ROI 1, ROI 2 and ROI 3 taken at the interface was analysed
using the Leica CLSM quantification tool. The pixel intensity of the
green channel was the same as that of the red channel (~240) at ROI
1 while at ROI 2 the pixel intensity of red channel (106) was slightly
higher than that of green channel (81). The intensity of green
channel at ROI 3 was as low as that of the background (~13)
whereas the red channel’s intensity was 55, which is much higher
than its background (~6). All the free dye was expected to be
removed by dialysis during the preparation of the b-CN-Rhodamine
conjugate. Therefore, it was concluded that milk proteins were not
evenly distributed at the surface of oil droplets and that the
thickness of the interface depended on the type of protein. CLSM
showed that b-CN produced a thicker layer (ROI 1 in Fig. 6 image
B3) than whey proteins (ROI 3 in Fig. 6 image B3). This result ap-
pears to confirm the hypothesis of Parkinson and Dickinson (2004),
who proposed that the adsorbed whey protein layer was assumed
to be thin, while the presence of casein molecules increased the
effective thickness substantially, due to the “long dangling poly-
peptide tails” which are characteristic of b-CN molecules.
4. Conclusion
This study has shown that the covalent labelling of b-CN with
NHS-Rhodamine had only a minor effect on the spectral properties
of NHS-Rhodamine. The emulsification properties of b-CN were not
affected by conjugating with Rhodamine. The use of covalently
labelled b-CN in a mixed casein/whey proteins emulsion demon-
strated that the covalent labelling of b-CN also had no effect on the
physicochemical properties of the emulsions. Combining covalent
and non-covalent staining techniques with CLSM allowed local-
isation of two protein ingredients surrounding oil droplets in an O/
W emulsion. Despite the resolution limits of the microscope
(~250 nm), covalent labelling was shown to be a powerful approach
that can be used to gain new insights in the surface properties of
emulsions prepared with mixed proteins.
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